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Abstract—Modern server-class CPUs are introducing special-
purpose accelerators on the same chip to improve performance
and efficiency for data-intensive applications. This paper presents
a case for accelerating data migrations in operating systems with
the Data Streaming Accelerator (DSA), a new feature by Intel.
To the best of our knowledge, this is the first study that exploits a
hardware-assisted data migration scheme in the operating system.
We identify which Linux kernel components can benefit from
the hardware acceleration, particularly focusing on the kernel
subsystems that rely on the migrate_pages() kernel function.
As the hardware accelerator is not suitable for transferring
a small amount of data due to the HW setup overhead, this
preliminary study concentrates on the design and implementation
of accelerating migrate_pages() with DSA. We prototype a
DSA-enabled Linux kernel and evaluate its effectiveness through
two benchmarks demonstrating real-world page compaction
(kcompactd) and promotion (kdamond) scenarios. In both
cases, our prototype demonstrates improved throughput in page
migration, benefiting both the kernel subsystem and applications.

Index Terms—Data migration, Hardware accelerator, Linux

I. INTRODUCTION

In today’s data-centric computing, the amount of data gen-
eration, transfer, and processing is escalating to unprecedented
levels. Traditionally, data movement and processing relies
on the CPU, which loads data from the source memory
location, into its registers and stores the data from its registers
to the destination memory. This is increasingly becoming a
bottleneck, impeding system performance and efficiency. To
address this issue, modern Intel CPUs incorporate a spe-
cialized hardware technique, called Data Streaming Accel-
erator (DSA), accelerating data movement tasks and freeing
CPU resources [3], [9]. It markedly enhances overall system
throughput and efficiency. Despite its potential performance
benefits, the DSA has not been evaluated in accelerating data
movement tasks of operating systems (OSes), such as memory
compaction and task (process or virtual machine) migrations.

In this paper, we introduce a new hardware-assisted memory
migration method to accelerate data movement tasks that
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Fig. 1. SW and HW organization of Intel DSA

are currently performed using the CPU. We identify that
migrate_pages() is the key function in the Linux kernel
to benefit substantially from DSA because it is widely used
in various kernel subsystems such as memory reclaiming and
NUMA balancing [2], [7], [8]. When utilizing DSA for page
migration tasks, a technical challenge is to amortize the hard-
ware (DSA) setup overhead which can limit its effectiveness
in data movement scenarios, particularly when migrating a
small amount of data. Our approach dynamically determines
the offloading decision based on the volume of pages, thus
optimizing the use of DSA for page migrations.

We have implemented our prototype on Linux kernel version
6.8 and conducted evaluations using two benchmarks. We
first select kcompactd, which rearranges physical pages to
mitigate the memory fragmentation issue, leading to larger
contiguous free memory pages [1]. With DSA, the migration
throughput of kcompactd is increased by 1.2×. Second,
we evaluate DSA-assisted page promotions in kdamond of
DAMON for two applications running in a tiered memory
environment. Our revised migration function processes a batch
of pages that is more efficient for DSA and outperforms the
CPU-based migration. The execution time of XSBench is
improved by 16%. In future work, we will explore the other
potential places for applying DSA and the design of operating
systems for such hardware-assisted memory management.

II. BACKGROUND AND MOTIVATION

A. Related Work

There are some prior studies on accelerating data migrations
in the operating systems. With the introduction of heteroge-
neous memory and tiered memory systems, accelerating the
migrate_pages() function is crucial for enhancing the
efficiency and performance of the Linux kernel’s memory
management system. Yan et al. proposed a parallelization tech-
nique to achieve speedup for transferring pages between dif-
ferent types of memory [8]. HeMem utilized the DMA engine
to offload the data migration, freeing the CPU resource [7].
Meanwhile, vector instructions such as AVX in x86 have been
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widely used in implementing memory copy operations because
they can benefit from the parallel processing of multiple data
in a single instruction. However, the Linux kernel does not
leverage such optimizations due to the additional overhead of
saving and restoring the AVX registers.

B. Intel’s Data Streaming Accelerator

Recently, Intel has unveiled a specialized hardware unit
called Data Streaming Accelerator (DSA) for accelerating
data movement operations and freeing up CPU cycles. Fig. 1
presents the overview of how DSA works. The DSA hardware
unit includes work queues (WQs) that hold DSA descriptors,
each of which specifies an operation type (e.g., copy, fill,
compare, and checksum), source address, destination address,
and the size of the data transfer. Intel DSA exposes portals,
which are MMIO registers, for the programmers to submit the
DSA descriptors. In DSA, the processing engines (PEs) are
responsible for executing the operation by fetching a descriptor
from the work queue. The engine is designed to read the source
data from memory, perform the specified operation, and write
the resulting data back to the destination memory [3].

C. Data Migrations in Linux

Since the introduction of the Data Streaming Accelerator
(DSA), researchers have applied this technology in various
applications [5]. However, to the best of our knowledge, no
attempt has been made to utilize DSA for operating systems
(OSes). Since the memory management unit in modern OSes
is a page size (e.g., 4KB in the x86 architecture), this
preliminary study focuses on accelerating page migrations.
TABLE I presents where the page migration function (e.g.,
migrate_pages() in mm/migrate.c) is used in the
Linux kernel. Data movement tasks in modern OSes, such as
memory reclamation, compaction, and migration, are critical
as they directly impact system performance and resource man-
agement, especially in high-performance computing and large-
scale data centers. Thus, accelerating migrate_pages()
with DSA can enhance the performance of kernel subsystems,
leading to more efficient memory management and improved
overall system performance. Meanwhile, migrating pages re-
quires TLB shootdown operations. To reduce the migration
overhead, Linux v6.3 added features to migrate pages in a
batch through migrate_pages_batch() which is also
utilized in DAMON with a list of pages (folios) [4].

III. ACCELERATING DATA MIGRATION WITH DSA

In this section, we introduce our design for accelerating data
migration, particularly focusing on migrate_pages() in
the Linux kernel through the use of Intel DSA. We characterize
the performance advantages and offloading cost of the DSA
feature. Based on the cost model, we design our offloading
strategy which opportunistically utilizes the hardware accel-
eration whenever we predict the memory movement task to
benefit from the accelerator.
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Fig. 2. Performance breakdown of copying pages: CPU vs. DSA

A. Design Considerations

When looking under the hood of migrate_pages(), we
observe that the memcpy() function is the core primitive for
copying data and this is widely used in various kernel com-
ponents such as device drivers and filesystems. For instance,
when transferring data from the kernel to the user in a read()
system call, the designated size of data in the system call is
transferred through memcpy(). It is also common in device
drivers to copy data from the device-specific memory to the
system memory via memcpy(). However, instead of directly
applying DSA acceleration to memcpy(), our first-order
consideration is to study and amortize the HW offloading cost.
For this reason, this study focuses on migrate_pages()
as a case study.

B. Offloading Cost

To exploit the performance benefits of the hardware ac-
celerator, we need to understand the costs associated with
offloading. We conducted a performance characterization
study for copying pages using CPU and DSA, respectively.
Fig. 2 shows the time for copying 4KB pages. In the CPU
configuration, we measured the time spent copying pages
through copy_highpage() in /include/linux/highmem.h,
which consists of map, copy, and unmap operations. We
observe that DSA is preferred when the number of pages
exceeds 32. In other words, if the amount of data is not
sufficiently large, it is more efficient to use the conventional
CPU copying method due to the offloading cost, which may
negatively impact the overall throughput of page migrations.

The offloading procedure includes the following steps: (1)
we need to create two scatter-gather (SG) tables to keep
track of the source and destination pages, respectively as
those pages may not be contiguously allocated in the phys-
ical memory. Each entry in the SG tables uses the struct
page pointer types to refer to actual physical pages in the
system. (2) We need to configure the DMA engine to map
the source and destination pages specified in the scatter
lists using the dma_map_sgtable() function, producing
DMA-capable addresses. Since DSA works on an IO virtual
address, a mapping needs to be made before a DSA transfer
and unmapped after the completion of the transfer. (3) This
enables us to create DSA descriptors through DMA-mapped
addresses, and then submit the descriptors sequentially. Once
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TABLE I
migrate_pages() USED IN THE LINUX KERNEL

Module Location Usage

Memory reclaiming mm/vmscan.c Move pages to different memory locations, facilitating the freeing of contiguous blocks of
(e.g., kswapd) memory and improving memory availability

kcompactd mm/compaction.c Relocate pages, compacting memory by consolidating free space into contiguous blocks,
which is beneficial for large allocation requests and performance

NUMA balancing mm/mempolicy.c Move pages to memory nodes closer to the CPU that accesses them most frequently, impr-
oving memory access latency and overall performance

Memory hotplug mm/memory hotplug.c During memory offlining (removing memory), migrate pages is used to move pages out of
the memory regions that are being removed

DAMON [4] mm/damon/paddr.c Promote hot pages classified by DAMON from the lower-tier to the upper-tier memory and
demote cold pages from the upper-tier to the lower-tier memory
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Fig. 3. Workflow of migrate_pages() with DSA. The blue-shaded region
is added in this study.

the copy operation is done, (4) we unmap the DMA-mappings
and clean up the SG tables. Such offloading costs are non-
negligible when the amount of data to be moved small.
Therefore, since the number of pages to be migrated through
the migrate_pages() function depends on the use cases
of how many pages are transferred, replacing this function en-
tirely with DSA does not necessarily enhance the performance
of page migrations.

C. Accelerated migrate pages() with DSA

To effectively utilize the hardware acceleration, it is
important to make an offloading decision based on the
amount of data movement. Fig. 3 shows our revised
migrate_pages() function designed to exploit the perfor-
mance advantages of DSA. We make an additional path (right-
hand side of the figure) for migrating pages with DSA and the
migration path with CPU remains as a fallback mechanism that
is used when the number of pages is less than the threshold
(e.g., 32 in our implementation). The CPU path migrates each
page iteratively, while we design the DSA path to perform
the migrations in a batch to minimize the offloading overhead
explained in the earlier section. We build the scatter-gather
tables for all the pages to be migrated and then generate DMA-
capable addresses at once.

In our implementation, we reserve a DSA engine for the
operating system to exclusively use one work queue and one
PE unit during boot time. Once a DSA descriptor is submitted
to the queue, the corresponding PE unit fetches an item and
starts the data movement without the CPU’s involvement.
To keep the implementation simple, our migrate_page
operations were run synchronously, where the kernel thread
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waited for the completion of the transfer through busy waiting.
We will investigate an asynchronous approach switching to
other kernel tasks in future work.

IV. PRELIMINARY RESULTS

A. Experimental Environment

Our evaluation platform has two Intel Xeon Gold 6430, each
of which has one DSA engine. Each CPU socket includes four
DDR5 32GB DIMMs, constructing 128GB per socket. The
Linux kernel version 6.8 and the Ubuntu distribution 22.04 are
used as our baseline and our proposed scheme is implemented
on top of the kernel. We configure our DSA engine through
the IDXD driver (/drivers/dma/idxd) in the kernel. Our revised
kernel can be found at https://github.com/Sys-KU/DSA-Linux.

B. Performance Evaluation

Benchmark results: To evaluate the effectiveness of accel-
erating page movement with DSA, we select two scenar-
ios: memory compaction and memory promotion. First, we
measure the page compaction throughput of kcompactd.
We design a microbenchmark that allocates 120GB memory
with 2MB unit through mmap and then sequentially free
the even number page of these 2MB blocks. Once we re-
lease about 40GB of memory, we observe that the frag-
mentation score exceeds the high threshold, which in turn

https://github.com/Sys-KU/DSA-Linux


4

XSBench SSSP
0.0

0.5

1.0

1.5

2.0

No
rm

al
ize

d 
ex

ec
ut

io
n 

 ti
m

e 
to

 fa
st

-ti
er

 m
em

or
y

XSBench SSSP
0

100000

200000

300000

400000

500000

Th
ro

ug
hp

ut
(#

pa
ge

s/
se

c)

Fast-tier Slow-tier DAMON(CPU) DAMON (DSA)

Fig. 6. Performance benefit of DSA in DAMON-based memory tiering [4]

triggers the proactive compaction [1]. We measure the time
spent in proactive_compact_node(), which invokes
migrate_pages(). Fig. 4 presents how many pages are
processed per second. Compared to the CPU version, DSA
shows an improved throughput of 1.2×, resulting in less
time spent in the kernel. Fig. 5 shows the changes in the
fragmentation score during a compaction period. We observe
that DSA can quickly lower the score back to 78 compared to
CPU. DSA completes it in 2.38 seconds while the CPU takes
2.93 seconds. In terms of throughput, DSA processes 520,086
pages per second (1,254,585 / 2.38) while CPU completes
428,186 pages per second.

Second, we evaluate page promotions of HMSDK which
is used in tiered memory environments [4]. Since the Linux
kernel version 6.11, HMSDK has been merged into DAMON
of the mainline kernel, so we backport it to our kernel 6.8.
As DAMON manages memory in regions that consist of
multiple 4KB pages, and are typically larger than 2MB [6],
using DSA is beneficial to accelerate the page promotions. To
mimic a tiered memory environment, we configure the remote
NUMA memory as a slow-tier memory by lowering the uncore
frequency of the remote NUMA node to lower the memory
bandwidth and increase the access latency. Fig. 6 (left) shows
the execution time of XSBench and SSSP workloads when
using CPU and DSA versions of DAMON, respectively. Each
bar is normalized to the ideal case, where all the allocations
are in fast-tier memory. The lower-bound performance is
modeled where all allocations are made to the slow-tier
memory. While both CPU and DSA versions with DAMON
promotion (kdamond improve performance compared to the
slow-tier case), the DSA version exhibits further improved
performance because the throughput of page promotion is
increased, as shown in Fig. 6 (right). For SSSP, it improves
the execution time by 31% compared to the CPU version.

Base page vs. large page: To further understand the per-
formance benefit of DSA, we decompose the migration time
into the setup cost and actual data transfer. Fig. 7a compares
the performance of migrating 2MB data with the base pages
and a large page when using DSA. Although the changes
in copying data are negligible, the setup cost for DSA is
significantly improved when using large pages. With the base
page configuration, we prepare the scatter-gather table for 512
pages. On the other hand, in the 2MB page option, a single
large page entry is required in the scatter-gather table. The
amount of SG table entries also reduces the time spent in
DMA address mappings and unmappings.

Contention in DSA: We evaluate the latency changes when
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Fig. 7. Time decomposition for migrating a 2MB region

a user application thread and a kernel thread utilize DSA
at the same time. We measure the latency of the kernel
thread that migrates a 2MB region from one NUMA node
to the other NUMA node with the 64KB chunk granularity
while configuring the user thread to repeatedly migrate one
64KB chunk at a time. Fig. 7b presents two cases. The
non-sharing bar presents the case where the kernel and
user threads use two different DSA PEs (Processing Engines).
Compared to base page (Fig. 7a), the migration time is
increased by 25%. Note that the DSA setup cost is not changed
while the transfer time increases. When sharing a PE between
the user and kernel thread, the sharing bar presents a further
increased latency of 24% over the non-sharing case.

V. CONCLUSIONS AND FUTURE WORK

This study presented a HW-accelerated page migration
scheme for the Linux kernel. We found that entirely replacing
the migrate function with DSA was not desirable due to the
HW setup overhead. To take advantage of the performance
benefits of DSA, we revised the migration function to make
the offloading decision based on the amount of data movement.
Our evaluation demonstrated the performance benefits in two
representative scenarios: kcompactd and kdamond.

In future work, we will investigate the other places copying
data. For instance, DSA can accelerate filemap_read(),
reading data from the page cache to the user-level buffer since
the function is designed to copy a group of pages in a batch.
Also, when dealing with large network packets, the network
stack uses skb_frag_foreach_page() to iterate over
the pages associated with a socket buffer. These components
can benefit from DSA.
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