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Abstract

This paper presents a scalable OS swap system, ScaleSwap,
designed to enhance core and SSD scalability on all-flash
swap arrays. Specifically, ScaleSwap first enables a one-to-
one swap model where each core exclusively manages its
own swap resources, enabling core-centric swap in/out oper-
ations. Second, ScaleSwap devises opportunistic inter-core
swap assistance, allowing each core to delegate swap meta-
data access to other cores as needed. Finally, ScaleSwap
adopts core-affinity page and LRU management to mitigate
LRU lock contention during swap in/out operations. We im-
plement ScaleSwap in the Linux kernel and evaluate its per-
formance on a 128-core machine with an all-flash swap array
comprising eight NVMe SSDs. Our evaluation shows that
ScaleSwap achieves up to 3.4 higher throughput and up to
11.5x lower average latency than the Linux swap system. Fur-
thermore, ScaleSwap outperforms two prior systems, TMO
and ExtMEM, by up to 64% and 5 x, respectively.

1 Introduction

Prominence of OS swap: A swap system in an operat-
ing system (OS) is a key system component essential for
maintaining overall system stability by reclaiming mem-
ory (i.e., anonymous page) to prevent application failure
(i.e., out-of-memory) caused by memory demands exceed-
ing the available memory capacity [8, 11, 33, 42, 46]. Re-
cently, emerging large, memory-intensive applications such
as machine learning [26,77,95], big-data processing [6,25],
graph processing [19,32], scientific and mathematical applica-
tions [14,16,44,93], virtual machines (VMs) [17,43,84], and
containers [37,82,96] may process unprecedented amounts
of data [18, 20, 28, 39, 48, 53, 61, 90]. Thus, the applica-
tions can place an immense pressure on the OS swap sys-
tem [11,66,74,87]. Accordingly, Alibaba Cloud provides a
backend asynchronous reclaim feature for memory cgroups
to solve the performance issue affected by direct reclama-
tion [21]. Meta Inc. introduces a Linux kernel component
that measures application sensitivity to memory access slow-
downs [88], targeting kernel-driven swapping for latency-
sensitive datacenter applications and designed to be transpar-
ently applicable without requiring modifications. This trend
highlights the importance of OS swap system, which is re-
gaining interest from academia, industry, and kernel commu-
nities [11,23,27,38,63,65,66,87,88] due to its significant
impact on application performance and stability.
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Figure 1: Scalability of Linux swap, ScaleSwap, and raw device.

Need for all-flash swap array: The advancement of fast
flash-based storage has revitalized OS swap memory exten-
sion since it enables larger available memory space while
minimizing performance degradation [11,60,74]. Meanwhile,
modern memory-intensive applications such as graph process-
ing (e.g., BFS [10,91] and PageRank [15]) on large-scale web
crawl datasets (e.g., WebGraph [12] and Common Crawl [83])
require several terabytes of memory [13,31,50,62,64,71, 86,
94]. Accordingly, we argue that leveraging an all-flash array
composed of multiple SSDs as swap space—referred to as
the all-flash swap arrays—can be a practical solution to (1)
accommodate large memory footprints while reducing total
cost of ownership (TCO) (e.g., DRAM or node cost [34]), (2)
reduce the risk of out-of-memory (OOM) failures under heavy
workloads (e.g., web servers with a burst of concurrent client
requests [58]), and (3) prevent sharp performance degradation
during swap operations. To meet these demands, the current
Linux swap subsystem provides a striping technique [45] to
swap in or swap out the pages across multiple storage devices.

Challenges: Figure | depicts the scalability limitation of the
existing Linux swap system using the striping technique un-
der a memory-intensive workload generated by a microbench-
mark (i.e., stress tool [4]) on an all-flash swap array consisting
of eight NVMe SSDs. The raw device performance is mea-
sured by FIO [7]. The results indicate that the Linux swap
system does not scale well with an increasing number of SSDs
or CPU cores. It is because the swap system adopts an all-to-
all model, where each core can access any swap and memory
resources through centralized management and locking mech-
anisms. Although it allows shared access across all cores, it
incurs high lock contention on many cores and underutilizes
the high bandwidth of all-flash swap arrays, especially when
accessing shared resources such as 1) swap metadata and 2)
least recently used (LRU) list.

Prior studies: Previous studies have investigated the swap
system to enhance performance and extend the memory capac-
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ity with SSDs. ZNSwap [11] is a swap subsystem for Zoned
Namespace (ZNS) SSDs by leveraging the ZNS interface to
overcome the swap performance issues with block-interface
SSDs. TMO [88] introduces an offloading mechanism to con-
trol the amount of memory offloaded to heterogeneous devices
based on the device performance characteristics and appli-
cation sensitivity. ExtMEM [41] is designed for application-
based memory management by delegating memory policies to
user space from kernel. Our study is in line with these studies
in terms of investigating the swap performance. In contrast,
we focus on designing a highly concurrent OS swap system
to maximize the core and SSD scalability.

Contributions: In this paper, we present ScaleSwap, a de-
centralized, scalable swap system designed to scale swap per-
formance on many-core and all-flash architectures, thereby
enabling sustained memory capacity extension. Our key idea
is to orchestrate swap resources and swap infout operations in
a core-centric manner as fully as possible, thereby unleashing
the full bandwidth potential of all-flash swap arrays. Specifi-
cally, ScaleSwap first proposes core-centric swap resource
management, in which each core exclusively manages its own
swap resources (e.g., swap metadata, swap cache, and swap
space) and performs swap in/out operations in a core-centric
manner. This design enables a one(core)-to-one(resource)
swap model, in contrast to the all-to-all model used in the
Linux swap system.

Second, ScaleSwap devises opportunistic inter-core swap
assistance that enables cores to delegate swap metadata ac-
cess to one another as needed, leveraging a lightweight and
cooperative mechanism. This approach resolves potential con-
flicts over swap resources across cores without compromising
memory consistency. Finally, ScaleSwap adopts core-affinity
page and LRU management to increase page locality and
mitigate LRU lock contention. This enables swap out and in
operations based on core-centric LRU management by main-
taining separate LRU lists for each core, rather than relying
on a per-node LRU list.

We implement ScaleSwap in Linux kernel 6.6.8 and eval-
uate its performance on a 128-core machine with an all flash
swap array consisting of eight NVMe SSDs [75] with various
memory-intensive workloads and applications. The experi-
mental results demonstrate that ScaleSwap achieves up to
3.4x higher throughput and up to 11.5x lower average la-
tency compared with the Linux swap system. Furthermore,
ScaleSwap outperforms two prior swap systems, TMO [88]
and ExtMEM [41] by up to 64% and 5 X, respectively. To
the best of our knowledge, ScaleSwap is the first highly
concurrent and core-centric OS swap system designed for
all-flash swap arrays. Finally, we open the source code at
https://github.com/syslab-CAU/ScaleSwap.

2 Motivation

Revisiting OS swap systems for emerging memory archi-
tectures: Recent memory-intensive applications demand

increasingly large amounts of main memory, with memory
footprints that far exceed the physical memory capacity of
modern systems, while also requiring high throughput and
low latency. To support these applications, emerging memory
architectures such as disaggregated memory [2,36,72] and
tiered memory systems with byte-addressable devices (e.g.,
CXL and PM) [71,85,88,89] have been proposed for memory
extension. Our work is also motivated by these efforts, par-
ticularly in highlighting the importance of scalable memory
extension. Meanwhile, for more stable individual servers [41],
we focus on the OS swap system since it is essential for pre-
venting application failures at the OS level of each server.
Accordingly, we believe that the SSD-based OS swap system
can enhance the stability of emerging memory architectures
since the tiered/remote memory capacities may also be lim-
ited as described in HeMem [71] and TeRM [92], respectively.
As a result, the OS swap system can extend the memory or
prevent application failures even in a disaggregated or tiered
memory servers as an additional last memory tier.

Necessity of all-flash swap arrays: Despite advances in
emerging memory systems, increasing DRAM capacity for
memory-intensive applications is often limited by the ris-
ing total cost of ownership (TCO). This has a significant
impact on cloud and data center economics [60, 85]; for in-
stance, memory accounts for about 37% of cloud server cost
at Meta [56] and 50% at Microsoft Azure [59]. Furthermore,
if the server is already equipped with its full DRAM capacity,
the system memory can be extended by deploying additional
servers, resulting in higher TCO. As a more cost-effective
approach, we can adopt alternative memory technologies such
as NVMe SSDs to reduce costs since they offer a much larger
memory footprint per server compared with DRAM, at a sub-
stantially lower cost [88]. For example, the unit price of DDR4
DRAM ($4.22/GB) [78] is about 26 x higher than that of a
PCIe 4.0 NVMe SSD ($0.16/GB) [73]. In addition, multiple
SSDs can mitigate the performance degradation by leverag-
ing their aggregated SSD bandwidth. Accordingly, all-flash
swap arrays can be a practical choice for memory-intensive
applications, offering benefits in both capacity and cost.

Practical and potential usage of all-flash swap arrays:
Google Cloud [35, 40] supports up to eight 375 GB local
SSDs per virtual machine instance, providing a total of 3 TB
of local SSDs for swap space, and processes around 82 PB
of data for scientific and mathematical computation appli-
cations [52, 69, 79, 80, 93]. Similarly, a storage lab [1, 70]
utilizes 30 Solidigm SSDs (a total of 921.6 TB) as swap
space to accelerate or support the computation workload while
demonstrating a high-performance computing infrastructure.
It reports that swap performance is the single biggest bottle-
neck in these computations. In addition, all-flash swap arrays
can effectively facilitate VM memory ballooning [3, 53] and
container memory overcommit [61, 63], supporting elastic
memory provisioning in virtualized systems. Lastly, web an-
alytics and graph processing can be target applications. For
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Figure 2: Various swap space configurations (P: swap
partition, F: swap file).

instance, Common Crawl [29] has recently collected approxi-
mately 455 TB of web data over two weeks, amounting to an
average of 32 TB of content per day [55, 83]. To efficiently
process such massive volumes of data, Apache Spark as an
in-memory processing framework performs computations by
loading data into memory and executing operations in parallel,
which inherently requires terabyte-scale memory capacity.
Case study in Apache Spark: Apache Spark does not rely
on the kernel’s swapping mechanism to support tasks that
demand large amounts of memory. Instead, Spark’s opera-
tors spill data to the storage device when it does not fit in
memory, allowing it to process datasets of any size [5]. How-
ever, in our evaluation with the Common Crawl dataset (see
Section 5.4), Spark preprocessing via PySpark which reads
and parses data files causes an OOM error before Spark’s
spill management begins. Specifically, in the preprocessing
phase, each file requires approximately 300GB of memory to
process 20,000 records; when using 128 files, the memory de-
mand reaches the terabyte scale. In such scenarios, employing
OS-level swapping with an all-flash swap array is essential
for handling high anonymous page demands and enhancing
system reliability.

3 Scalability Analysis

To understand the scalability, we have conducted a memory
stress test using stress tool [4] with an all-flash swap array
with our configuration and testbed described in Section 5.1.

3.1 Various Configurations for Swap Space
The current Linux system supports three types of swap space:
1) swap partition, 2) swap file on a mounted file system, and
3) swap device. We conduct experiments to evaluate the per-
formance difference across swap space types and varying
numbers of swap spaces. In Figure 2a, we compare their per-
formance using the stress tool with 128 threads on 8 devices.
In this experiment, we configure 8§ swap devices and 128 swap
partitions/files on 8 devices. As expected, using 128 swap
files/partitions offers better performance than using 8 swap
devices, as the swap system chooses the next swap space in a
round-robin manner, and a larger number of files/partitions
enables parallel access across a broader storage area.

In Figure 2b, we analyze how the number of swap spaces
affects performance for swap file and partition configurations.
We vary the number of swap spaces to 1, 23, 32, 64, and

The number of SSDs

(a) SSD scalability. (b) Core scalability.
Figure 3: Scalability analysis.

The number of cores Elapsed time (s) Elapsed time (s)

(a) Throughput. (b) Latency.
Figure 4: Timeline results.

128 (by default, the maximum number of swap spaces is 23).
We observe that using multiple swap spaces improves perfor-
mance; however, the gains tend to saturate beyond 23 swap
spaces. In all cases, the performance difference between swap
files and partitions is similar. Consequently, this result in-
dicates that swap files provide comparable performance to
partitions while offering greater flexibility (e.g., resizing or
creating swap files easily) [68, 81]. Therefore, we focus on
the swap file configuration in this paper.

3.2 SSD and Core Scalability

SSD scalability: Figure 3a shows how throughput changes
as the number of SSDs increases with 128 threads/cores and
128 swap files. In the figure, a mix of random read/write
workload on the raw devices (measured with FIO) exhibits
near-linear scalability, with throughput increasing from 3.4 to
5.8,9.4, and 11.2 GB/s as the number of SSDs increases from
1to 2, 4, and 8. In contrast, the Linux swap system exhibits
almost the same throughput (around 4 GB/s) regardless of
the number of SSDs. This result shows the swap system has
limited scalability and cannot fully exploit SSD parallelism.
Core scalability: Figure 3b shows the core scalability using
128 swap files with 8 SSDs, as the number of threads/cores in-
creases from 1 to 128. Up to 32 cores, the Linux swap system
achieves higher throughput than the mixed read/write perfor-
mance measured on raw devices. This is because the swap
system alternates between swap out, swap in, or both with
relatively lower lock contention while the FIO benchmark
always performs read and write operations simultaneously.
However, at 64 and 128 cores, the Linux swap system exhibits
1.5x and 2.6 x lower throughput than the raw device. This
result shows its scalability limitations under high core counts.

3.3 Direct Reclaim

In the Linux swap system, each node has a dedicated kswapd
process responsible for swapping out dirty pages when free
pages fall below the high watermark. When free pages fall
below the minimum watermark, direct reclaim is triggered for
fast page reclamation [22]. During direct reclaim, application
threads directly perform page reclamation, thereby providing
high parallelism. Figure 4 shows the throughput and latency
timeline during swap operations using 128 threads/cores, 128
swap files, and 8 SSDs. Especially, when direct reclaim oc-
curs, latency spikes and throughput decreases significantly,
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since application threads contend on the LRU lock (see Sec-
tion 3.4.1) to reclaim pages from the LRU list. As page recla-
mation continues, latency and throughput gradually stabilize.
After 60 seconds, swap-in operations begin alongside swap-
out operations as the stress tool starts to read the swapped-out
pages. Finally, swap-in operations dominate after 120 seconds.
Consequently, this indicates that direct reclaim can provide
high parallelism assisted by application threads but may suffer
from limited concurrency.

3.4 Identifying Root Causes

3.4.1 Scalability Issue on Per-node LRU

The Linux memory system maintains least recently used
(LRU) list per node to enforce the LRU eviction policy for effi-
cient page management. When swapping out a page, the swap
system fetches and removes the least recently used page in the
LRU list and evicts it to SSDs. When swapping in, the swap
system reads the page from SSDs and re-inserts it into the
LRU list. However, per-node LRU significantly incurs lock
contention on the LRU lock (1ru_lock). Especially, when
the direct reclaim occurs as shown in Figure 4 and Table 5,
resulting in low core/SSD scalability. As a result, many cores
contend for the lock on the per-node LRU list during swap
out/in operations.

Insight #1: As the number of cores per node increases, lock
contention on the LRU list significantly increases. This decel-
erates the swap out/in process.

3.4.2 Lock Contention on Swap Metadata

As described in Section 3.1, the swap spaces can be config-
ured as devices/files/partitions [11]. Each swap space has
its own swap metadata (swap_info), which is protected by
a spin lock (si_lock). Thus, multiple swap spaces provide
more fine-grained access, but cannot provide high concur-
rency since all cores can access all the swap spaces (i.e., all-
to-all model) with the global locking mechanism. The swap
metadata includes a swap map (swap_map) which records
the swap-out page location in the swap space, the number of
swap-out pages (inuse_pages), first empty bit, last empty bit,
etc. For example, when swapping out a page, the swap system
retrieves the swap map, scans an available space for the page,
and updates the swap map. When swapping in a page, the
swap system retrieves the swap map associated with the page
and updates the swap map. As a result, even if the LRU lock
contention issue is addressed, analyzed in Section 3.4.1, fre-
quent access to swap metadata during swap in/out operations
incurs high lock contention (si_lock) due to global swap
metadata management as shown in Table 5.

Insight #2: High lock contention on swap metadata hampers
the scalability of the swap system on many cores, thereby
limiting SSD scalability.

4 Design and Implementation

ScaleSwap embodies the key principle of decentralized, core-
centric orchestration of swap resources and swap in/out oper-
ations, unleashing the bandwidth potential of all-flash swap ar-
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Figure 5: Overall architecture of ScaleSwap.

rays. Based on the principle, we establish design goals (§4.1)
and present three strategies (§4.2) to achieve the goals.

4.1 Design Goals
We design ScaleSwap to meet the following goals:

* Managing exclusive and independent swap re-
sources. To design a scalable swap system, holistically,
ScaleSwap should provide exclusive and independent
access to swap resources per core, reducing the swap
resource contention among cores.

* Supporting efficient cooperation across cores. To sup-
port inter-core swapping among cores when necessary,
ScaleSwap should enable efficient cross-core coopera-
tion while maintaining memory consistency.

* Minimizing LRU lock contention during swapping.
To fully exploit the high bandwidth of all-flash swap ar-
rays, ScaleSwap should minimize LRU lock contention
during swapping operations without compromising cor-
rectness.

4.2 Strategies of ScaleSwap
We present the three key strategies and explain how they meet
the design goals of ScaleSwap.

e Strategy 1: Core-centric swap resource manage-
ment. To scale swap resource management, ScaleSwap
adopts a one(core)-to-one(resource) model which local-
izes swap resources (swap metadata, swap cache, and
swap space) within each core. By doing so, ScaleSwap
ensures that each core accesses its own swap resources
as much as possible.

Strategy 2: Opportunistic inter-core swap assistance.
To support swapping across cores when necessary (e.g.,
due to inevitable swap space sharing or shared pages),
ScaleSwap allows each core to opportunistically dele-
gate swap tasks (e.g., accessing swap metadata) to an-
other core, thereby eliminating lock contention on swap
metadata. This delegation enables efficient inter-core co-
operation without compromising memory consistency.

Strategy 3: Core-affinity page and LRU management.
To mitigate lock contention on the per-node LRU lists
during page allocation and swapping, ScaleSwap adopts
per-core LRU lists and assigns pages to these lists based
on core affinity. This approach allows each page to be
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Figure 6: Swap space allocation mechanism in Linux swap system and ScaleSwap.

swapped in or out exclusively by the LRU list of the core
where it was allocated, thereby enhancing core locality
and reducing synchronization overhead.

4.3 Overall Architecture of ScaleSwap

Figure 5 illustrates the overall architecture of ScaleSwap.
ScaleSwap introduces a decentralized, core-centric design,
enabling each core to utilize its own swap resources and LRU
lists (one-to-one model) instead of a centralized design (all-to-
all model). Additionally, ScaleSwap devises a per-core swap
delegator that facilitates inter-core swapping via a swap task
and task queue when needed. This architecture establishes
an independent yet cooperative swap system that exploits the
high degree of concurrency and parallelism inherent in many
cores and all-flash swap arrays.

4.4 Core-centric Swap Resource Management
4.4.1 Swap metadata and swap space allocation

The swap metadata (e.g., swap information) is the most criti-
cal element in the swap system since it manages swap spaces
and determines the location of pages on the storage device.
To manage swap space in a fine-grained manner, the current
Linux system maintains swap metadata per swap space to
improve concurrency. However, this swap metadata is still
protected by locking mechanisms (e.g., swap information
lock: si_lock) since the swap space is shared among cores
according to the allocation policy. Figure 6 illustrates the
comparison of space allocation with swap metadata between
the Linux swap system and ScaleSwap during the swap-out
process. In this example, there are two cores and two swap
spaces in both systems.

Space allocation in Linux swap system: As shown in Fig-
ure Oa, overall, the Linux swap system selects swap spaces
in a round-robin manner to increase parallelism in accessing
them. Specifically, when coreg needs to swap out a page, it
first checks the swap entry count in its swap slot (swap slot)
to determine whether an available swap entry exists. If there
is no swap entry, the core attempts to fill the swap slot with
available swap entries by selecting a swap space from the
available swap space list. The list includes all available swap
spaces in the system globally. In this case, core( selects the
currently available swap space (swap spaceg) and changes

the available swap space to swap space; (D). Subsequently,
the core tries to obtain a cluster from the cluster list main-
tained by the swap information (swap infog) by acquiring
the corresponding lock (si_lockg) (@). In this case, the core
selects clustery (@) and retrieves a swap slot including 64
(0-63) swap entries within the cluster; a cluster has 512 swap
entries. Then, the swap entries are loaded into the swap slots
(@), and the swap entry count is incremented by 64. Finally,
by consuming a swap entry (decrementing its count by one)
for the page to be swapped, the page is inserted into swap
cachey at index( before being swapped out ().

Meanwhile, core| also attempts to retrieve a swap slot as
coreg does (D-®). In this case, since the currently available
swap space is swap space, core; selects swap space; and
changes the available swap space to swap spacey. It then fills
its swap slot (swap slot;) with swap entries within cluster,
of swap info; under si_lock;. After consuming the swap
entries, core; tries to fill its swap slot again. Since the cur-
rently available swap space is swap spacey, core; tries to fill
the swap slot from swap spacey (®). We note that this pro-
cess illustrates a round-robin space allocation; however, since
core; should acquire si_locky, this leads to lock contention
with corey (D,2). After acquiring si_locky, core| selects
clusters, (®) as the next cluster (©) since the Linux swap
system obtains a new cluster with a stride of 32 to maximize
parallelism across internal SSD channels [54]. Then, the page
to be swapped is inserted to the swap cache at index 6334 (@).
Consequently, in the Linux swap system, the round-robin al-
location policy across swap spaces incurs lock contention
(si_lock), limiting concurrency and parallelism.

Space allocation in ScaleSwap: To further decouple swap re-
sources, ScaleSwap allocates the swap spaces independently
across cores. Figure 6b illustrates how ScaleSwap allocates
these swap slots. Similar to the Linux swap system, each core
(i.e., corey and coreq) first checks its swap entry count in its
swap slot to determine whether an available swap entry exists.
If there is no available swap entry, each core fills its swap slot
with available swap entries by directly accessing the cluster
within its swap info in its own swap space without access-
ing the available swap space list or the locking mechanism
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(si_lock) (D-@, ®-®). As a result, each core retrieves 64
swap entries and inserts its page to be swapped into its own
swap cache (3, ®). After consuming the swap entries (i.e.,
swap entry count is 0), core; fills its swap slot by retrieving the
swap entries the same cluster within its swap info (@,(®), and
finally the swap entry will be consumed (®). Consequently,
ScaleSwap achieves scalable swap allocation and resource
management by minimizing conflicts and eliminating lock
contention (si_lock).

4.4.2 Supporting core-dedicated swap space

ScaleSwap dedicates an independent swap space represented
by a swap file to each core for scalable and independent swap
space management. However, the current Linux swap system
supports at most 23 swap spaces. Specifically, in Figure 7,
the existing swap entry (swp_entry_t) is composed of 64
bits: 5 bits for the type field (which includes the index repre-
senting a selected swap file), 50 bits for the file offset within
the selected swap file, and 9 bits for other flags. Meanwhile,
the 5-bit type field supports 32 values, but 9 are reserved for
other operations (e.g., hardware-poisoned pages for failure
handling). Thus, the number of usable swap files is limited
to 23 (32-9). This indicates that even in a many-core system
with more than 23 cores, the current swap system supports
only up to 23 swap spaces, limiting parallel and independent
operations. To overcome this limitation as shown in Figure 7,
ScaleSwap extends the type field by 3 additional bits (using
8 bits in total), allowing up to 247 (256-9) dedicated swap
spaces while reducing the offset from 50 to 47 bits. Mean-
while, the offset still permits representing up to 128 TB (47
bits) of dedicated swap space (i.e., a swap file) per core. We
believe this decision is reasonable since, to our knowledge, the
current maximum capacity of a storage device is 128 TB [57],
and most devices have capacities below 15 TB [73,76]. Con-
sequently, to support core-centric swap resource management
more efficiently, ScaleSwap increases the number of dedi-
cated swap spaces while limiting the size of each per-core
swap space.

4.5 Opportunistic Inter-core Swap Assistance
ScaleSwap primarily localizes swap operations at the per-
core level. Thus, ScaleSwap allows kswapds or application
threads to perform swap in/out operations using their own
swap dedicated resources within their cores. Meanwhile,
when they need to access a different core’s swap space,
ScaleSwap performs opportunistic swap delegation. For ex-
ample, delegation occurs in two cases: 1) Swap-out: if a ded-
icated swap space is full, delegation occurs to utilize a dif-

A Application Per-core swap
Core M thread Delegator " | metadata

Per-core | Per-core > Delegation
LRU list swap space @szapd path

Figure 8: Opportunistic inter-core swap assistance.

ferent swap space that is not full, or 2) Swap-in: if a page
is located in a different swap space (e.g., shared pages and
process migration), delegation occurs to retrieve the page
from the swap space. To support this delegation, ScaleSwap
adopts per-core delegators. Instead of requesting threads, the
delegator accesses the swap metadata of its own swap space
when a delegation request is received. Note that delegation op-
erates only to access or update another core’s swap metadata
(i.e., memory operation). Thus, threads requesting delegation
directly read from or write their pages to the swap location
predetermined in the swap metadata via delegation, thereby
improving parallelism and reducing delegation overhead (see
Section 5.7).

Figure 8 depicts opportunistic swap delegation among
nodes and cores. ScaleSwap maintains per-node kswapd (Ko
and Ky) for swap management as the current Linux swap sys-
tem does. Unlike the Linux swap system, if Ky tries to swap
out or in a page on core, in nodey, it delegates a swap task
(i.e., accessing swap metadata) for the page to delegator, (D;)
on corey, in nodey. When direct reclaim occurs, the application
threads (appg and app;) in nodey try to swap in or out their
pages on core,, in nodey and corey in nodey and delegate their
tasks to the delegators (Dy, in nodeg and D7 in nodey), respec-
tively. In addition, when swapping out with delegation, each
core first searches for available space among cores within
the same node in a round-robin manner. If no local space
is available, it then searches in the next node to minimize
NUMA overhead. Consequently, ScaleSwap can fully utilize
the swap spaces even if some swap spaces become full and
also support access to shared pages.

Swap task and task queue: As described, to facilitate com-
munication between 1) swap delegators and 2) kswapds or
application threads, ScaleSwap uses a 96-byte swap task
structure that contains the swap request type, swap location
information, etc. This structure is managed by a configurable
pre-allocated memory pool to avoid allocation failures un-
der high memory pressure. If the pre-allocated memory is
exhausted, ScaleSwap waits until memory becomes avail-
able. In addition, ScaleSwap adopts a per-core task queue
implemented using a concurrent list [47] to mitigate potential
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Figure 9: Page flag layout.

contention between enqueue and dequeue operations. Each
delegator retrieves tasks from its queue and processes them
according to the swap request type.

Ordering and consistency: During delegation, while
kswapds or application threads as multiple producers insert
tasks to the task queue of a different core, the associated
per-core delegator as a single consumer can fetch and delete
the tasks in the task queue. This logic simplifies the delega-
tion path and ensures that task order is preserved since the
per-core delegator processes the tasks in a FIFO manner. Fur-
thermore, the threads cannot access or update different cores’
swap metadata without the assistance of per-core delegators.
By doing so, since only a single delegator per core can ac-
cess and update the swap metadata, ScaleSwap prevents any
consistency issues.

Cooperative swapping: When a thread performs a swap dele-
gation, ScaleSwap allows the thread to perform busy waiting
until receiving the information of swap metadata instead of
blocking the thread since the delegation does not involve
any I/O operations (i.e., the average delegation time is 29.99
ns). However, in some cases, the waiting time may increase.
For example, if the delegator is in a sleep state and needs
to be woken up, the delegation time is prolonged, thereby
increasing the waiting time. To mitigate the waste of CPU
cycles, we adopt cooperative swapping between delegator and
kswapd/application thread. For example, after an application
thread requests a delegation task to a per-core delegator, the
thread checks if there are tasks in its core’s task queue. If they
exist, the thread processes the task of accessing or updating
its core’s swap metadata on behalf of the core’s delegator
until receiving the response from the delegator. This strategy
avoids both wasting the CPU utilization due to spinning and
context switching overhead caused by blocking.

4.6 Core-affinity Page and LRU Management

Core-affinity LRU list: To maintain a page eviction policy,
the current Linux memory system manages LRU list on a
per-node basis. However, as described in insight #2 in Sec-
tion 3.4.1, cores within a node can incur high contention on
the node’s LRU lock (1ru_lock) during the swap process. To
mitigate the LRU lock contention and enhance core locality,
ScaleSwap adopts per-core shared LRU list. Each of these
LRU lists is protected by a separate (per core) spinlock, re-
ducing unnecessary resource contention in the swap process.
As aresult, ScaleSwap evicts pages based on the LRU policy
localized to each core.

Core-affinity page allocation: For core-affinity page man-

—>» Application thread

Core N ¥
MO, Page table 0SV\lralz cilcl:eo
LRU, Swap info PTE, .
Inactive Anonvmnus ispace offset o 1 0 m...
P, [P,[P;[P,] - swapmap|1|o»1|o|o|u| 1®
Swap spacey D
0 1 2 3 4

(a) Swap-out procedure.

Corey e L1}
LRUO

Inactive A

(b) Swap-ln procedure.
Figure 10: Procedure of swap out/in without delegation (PTE: Page
Table Entry, SWE: Swap Entry).
agement, when a thread allocates a page, ScaleSwap enables
the thread to insert the page into the corresponding core-local
LRU list. This improves memory access performance due
to core/cache friendliness and minimizes the LRU lock con-
tention due to the high likelihood that the thread will re-access
the page. To do this, we modify the page flag as shown in Fig-
ure 9 to record the page’s core number in the flag. We utilize
the unused 4 bits within the page flag and extend it by 3 bits
while reducing the node bits from 10 bits to 7 bits. This modi-
fication supports 128 cores (7 bits) for the core-affinity page
allocation while still supporting 64 nodes, which is a sufficient
number of nodes within a single server. During page alloca-
tion, ScaleSwap allocates the page and tracks the page’s LRU
list by recording its core number into the unused/extended
space in its page flag, enabling swapping with per-core LRU
list as much as possible. As a result, ScaleSwap provides
core-affinity page allocation to mitigate LRU lock contention
and enhance core/cache locality, thereby reducing the number
of page faults (see Section 5.2).
Swap out/in with per-core LRU list: ScaleSwap performs
swap out/in processes with the per-core LRU list. When swap-
ping out a page, ScaleSwap allows application threads to
fetch a page in its own core LRU list and swap out the page.
Thus, when swapping out, each core accesses only its own
LRU list, avoiding access to other cores’ LRU lists. When
swapping in a page, ScaleSwap allows the thread to recog-
nize the page’s core number from the page flag, enabling it
to re-insert the page into its original LRU list. As a result,
ScaleSwap enables swapping out/in the pages within their
core’s LRU list, mitigating the LRU lock.

Page table
PTE,

Swap cache,

Swap info,
ispace offset_o 1 2 3 4

swapmap |1 |1->0{0[0]0

Swap space

0 1 2 3 4
Ll ]

4.7 ScaleSwap Procedure

4.7.1 Swap process without delegation

Swap-out process: Figure 10a depicts the swap-out process
of ScaleSwap when delegation is not required under direct
reclaim. To determine which page to swap out, the application
thread in coreq fetches a page (pages) in the LRU listy (D).
Then, the thread obtains a swap entry through the swap slot,
as described in Figure 6b, in order to swap out the page ().
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Figure 11: Procedure of swap-out and swap-in with delegation.

Subsequently, the thread obtains the space offset (i.e., page’s
location) from the swap entry, updates the page usage from 0
to 1 at the space offset in the swap map (®), and inserts the
page into the swap cache (@). Afterward, the thread flushes
the page to the swap space and evicts the page from the
swap cache (®). After swapping out, to track the swap-out
page’s location within the swap space, the page table entry is
replaced by the swap entry (SWEs) (®). Since the swap entry
contains the page’s location in the swap space, it allows the
page to be swapped back in from the swap space.

Swap-in process: Figure 10b presents the swap-in process of
ScaleSwap without delegation. When an application thread
needs to read a swap-out page (pages), it identifies that the
page was swap out by referencing its corresponding swap
entry (SWEs) in the page table (@). Once, the thread tries
to read the pages from swap cacheg (®). If the page is not
present in the swap cache, the thread reads the page from swap
spaceqg via the location information in the swap entry (@).
Subsequently, the thread inserts the page into swap cachey
(@®). In this case, the thread can re-insert the page into its
dedicated LRU list by identifying the recorded core number
in the page flag (@). Then, the thread updates the page’s usage
within the swap map from 1 to 0 (@). Finally, it returns the
swap entry to the swap slot (@) and replaces SWEs by PTE5
in the page table (@). By doing so, in both the swap-out and
swap-in processes, ScaleSwap can achieve significant core
localization and concurrency for many cores and multiple
SSDs.

4.7.2 Swap process with delegation

Swap-out process with delegation: Figure 11a shows the
swap-out process of ScaleSwap when delegation occurs un-
der direct reclaim. First, an application thread in corey ac-
cesses its LRU list to select the LRU page for swap-out (D).
If the thread cannot fill swap slot with the swap entries (the
swap space is full) (@), it requests delegation to a target core
(corep) by inserting the swap-out task into the task queue of
core| (®) and waking up the delegator in core; (@). We note

that while waiting for a response from the delegator, the ap-
plication thread processes tasks accumulated in its core’s task
queue to assist its core’s delegator for cooperative swapping
(Section 4.5) (®).

After the delegator wakes up, it dequeues the task from
the task queue (). The delegator recognizes that the task
is a swap-out task and tries to retrieve swap entry through a
swap slot (@). If the swap space is full, the delegator then
returns a failure response to the application thread, which
then searches for a new core in a round-robin fashion, as
described in Section 4.5. If the space is available, the delegator
updates the swap map (®) and inserts the requested page
into its swap cache (@) and sends a completion signal to
the application thread (®). After receiving the response, the
thread updates its page table from PTEg to SWEg (@) and
flushes the page to the target swap space (®). We note that the
application thread directly flushes to the target swap space;
to minimize delegation time (Section 4.5). Furthermore, this
does not compromise consistency between threads accessing
the swap space, since each swap space is protected by its own
lock (e.g., a file lock).

Swap-in process with delegation: Figure 11b depicts the
swap-in process with delegation. When accessing the swap-
out page, an application thread first accesses its page table
to find the page’s location (@). Then, the thread recognizes
the entry as a swap entry and tries to read the page by check-
ing the swap cache (@). If the swap cache has the page, the
thread directly can obtain the page from the swap cache; (€).
Otherwise, the thread reads it from the swap space; (€)).
Subsequently, since the swap-in process is performed in a
different core’s swap space, a delegation request is sent to the
core to update the swap metadata. Thus, the thread inserts a
swap-in task into the task queue in the target core (core;) (@)
and wakes up the core’s delegator (@). Then, the application
thread replaces its page table by PTE¢ instead of SWPg (@)
and inserts the page into its own LRU list (@). After the del-
egator wakes up, it checks the task queue and processes the
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Figure 12: Throughput, execution time and latency with varying numbers of SSDs and cores (Lat: Average latency).

swap-in task (@). Then, the delegator reduces the usage count
in the swap map for the corresponding offset (@) and puts the
swap entry to the swap slot; (@).

Note that, due to asynchronous nature, the swap-in pro-
cess in corey may already have completed, while the dele-
gation process in core; is still in progress. As a result, the
system may temporarily report insufficient space even when
space is available; however, it never incorrectly indicates that
space is available when none exists. It is because the applica-
tion thread always completes the swap in operation and then
wakes up the delegator. Likewise, the Linux swap system also
completes the swap-in operation and then updates the swap
metadata. Therefore, ScaleSwap maintains the same level of
consistency as the existing Linux swap system.

S Evaluation
5.1 Experimental Setup

We have conducted all experiments on a 128-core machine
equipped with two AMD EPYC 7713 64-core processors
and 96 GB of DRAM. For the all-flash swap array, the ma-
chine is equipped with eight FireCuda 530 NVMe SSDs [75]
(each SSD has a capacity of 2 TB and shows a stable ran-
dom write, read, and mixture of read/write throughput: 4.5
GB/s, 3.2 GB/s, and 3.5 GB/s). When the eight devices are
configured in raw RAID-0, the aggregated throughput reaches
the mixture of read/write throughput of 11.4 GB/s by using
the FIO [7] benchmark. The machine runs Ubuntu 22.04
LTS with the Linux kernel 6.6.8. To evaluate the Linux swap
system, ScaleSwap, and recent swap systems, TMO [88],
ExtMEM [41], we utilize 128 swap files on an EXT4 file
system. We use a stress tool [4] as a micro-benchmark which
allocates a specified memory size and performs byte-level
write/read operations. For real-world evaluation, we use six
memory-intensive applications [51]. We run each test ten
times and report the average result.

5.2 Micro-benchmark

We run the stress tool using 128 threads and eight SSDs,
writing and reading 2.25 GB of memory per thread (total 288
GB memory). We use this configuration in all cases unless
stated otherwise.

SSD scalability: Figure 12a shows the SSD scalability of
ScaleSwap and the Linux swap system. As the number of
SSDs increases from 1 to 8, ScaleSwap achieves up to 1.31x,
2.34x,2.85x%, 3.41x higher throughput than the Linux swap

™™™ 1 [+ [ 4 [ o]
Swap system

Linux swap 2265.25 us | 3334.04 us | 2882.08 us | 2395.20 us
ScaleSwap 801.37us | 524.75us | 445.61 us 87.94 us

Table 1: Tail latency (99.9th) with varying numbers of SSDs.

‘ # of SSDs 1 ‘ s ‘ 4 ‘ 8 ‘
Swap system

user 0.2 % 0.21 % 0.46 % 0.29 %
Linux swap system 14.49 % 79.32 % 86.91 % 9241 %
iowait 70.02 % 17.61 % 10.32 % 4.58 %
idle 1529 % 2.75 % 231 % 2.72 %
user 0.22 % 0.28 % 0.88 % 1.07 %
ScaleSwap system 9.23 % 14.01 % 65.71 % 83.06 %
iowait 77.36 % 66.82 % 18.95 % 6.45 %
idle 132 % 18.89 % 14.46 % 9.42 %

Table 2: CPU utilization with varying numbers of SSDs.

system. In terms of execution time, ScaleSwap also achieves
lower execution times compared with the Linux swap sys-
tem, showing relative values of 1.55Xx, 1.94x, 2.29x, and
2.49x. These results indicate that the Linux swap system
suffers from limited scalability beyond two SSDs due to low
concurrency, while ScaleSwap effectively scales under high
memory pressure by high concurrency and parallel swapping
on the all-flash swap array.

Core scalability: As shown in Figure 12b, we measure the
performance of the Linux swap system and ScaleSwap as the
number of cores increases. In this case, the number of threads
and swap files equals the number of cores. ScaleSwap demon-
strates linear scalability with an increasing number of cores,
whereas the Linux swap system shows no significant perfor-
mance improvement when the number of cores is more than
32. Consequently, ScaleSwap improves many-core scalabil-
ity in the swap process by using its core-centric swap resource
management and concurrency techniques.

Average and tail latency: Figure 12c and Figure 12d show
average latency on varying SSDs and cores, respectively. Ta-
ble | shows the 99.9th percentile latencies of the Linux swap
system and ScaleSwap. As shown in the figures and table,
ScaleSwap achieves up to 11.5x and 27.2x lower average
and tail latency compared with the Linux swap system, respec-
tively. Although the Linux swap system performs swapping in
parallel assisted by multiple application threads, the applica-
tion threads suffer lock contention during direct reclamation,
significantly increasing average and tail latency. In contrast,
ScaleSwap mitigates this contention with a dedicated and
delegation model.

CPU utilization: We measure CPU utilization using
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Figure 13: Throughput of memory-intensive applications with varying numbers of SSDs.
[ Swap system [ Main memory usage | Swap memory usage | Total memory usage | [ Application | Description
‘ Linux swap 93.18 GB ‘ 274.61 GB 367.79 GB ‘ DNA Visualization Transforming and visualizing DNA sequences from a large FASTA file.
| ScaleSwap | 93.26 GB \ 27452 GB \ 36778 GB | Total memory usage = 640GB
. . . Creating and traversing a large Python list.
Table 3: Main memory and swap memory consumption. Python List Total m‘imory usage = 256GB
. . o) Graph traversal using Breadth-First Search (BFS).
eight SSDs under memory pressure as shown in Table 2. BFS Total memory usage  184GB
ScaleSwap reduces kernel (system) CPU usage by an aver- Gray-Scale Converting images to gray-scale.
. . Total memory usage = 384GB
age of 25%, allowing for more efficient use of CPU resources. Fip Performing horizontal Mipping of images.
This optimization not only increases user-level CPU utiliza- Total memory usage = 334GB

tion but also results in idle time increasing by up to 16%. It is
because the application threads in the Linux system already
perform swap-out/in operations in parallel, but incur high
CPU utilization and lock contention. Meanwhile, ScaleSwap
performs swap-out/in operations in parallel similar to the
Linux system but reduces the lock contention. The result
indicates that ScaleSwap accelerates the swap-out/in process-
ing and makes CPU resources more available. In summary,
ScaleSwap enables the system to better handle additional
workloads while improving swap performance.

Memory consumption: Table 3 shows the peak memory
consumption of the Linux swap system and ScaleSwap.
ScaleSwap preallocates 1,500 swap tasks per core for delega-
tion, with each structure being 96 bytes in size. These tasks
are reserved to avoid potential memory allocation delays. In
the experiment with the stress tool and 128 cores/threads, the
total number of tasks is 192,000, totaling 17.57 MB. During
the experiment, the peak usage of swap tasks varies between
66,000 and 150,000, corresponding to approximately 6.0 MB
to 13.7 MB of memory. This result indicates that the memory
overhead is minimal; therefore, the peak memory usage of
ScaleSwap remains nearly identical to that of the Linux swap
system. Finally, we note that the amount of preallocation is
configurable and can be adjusted according to memory traffic
and workload characteristics.

Page fault: To better understand the costs and memory effi-
ciency, we measure page faults. The Linux swap system incurs
approximately 100,827,862 page faults, while ScaleSwap in-
curs 92,280,466, corresponding to a 9.15% reduction. This
is because our per-core LRU approach localizes the pages
to their cores, thereby reducing page faults. Consequently,
ScaleSwap minimizes interference from other cores and the
eviction of frequently accessed pages on each core.

5.3 Memory-intensive Applications
We evaluate ScaleSwap using five memory-intensive applica-
tions, including breadth-first search (BFS), DNA visualization,

Table 4: Description of memory-intensive applications.
Python list, and image processing (gray-scale and flip) from
the previous study [51] as described in Table 4. As shown
in Figure 13, overall, ScaleSwap scales the performance for
each application especially more than four SSDs. As similar
to the microbenchmark results, since the Linux swap sys-
tem already performs swap out/in operations in parallel, the
performance of the swap system with one SSD is similar
to ScaleSwap. Meanwhile, with the higher bandwidth sup-
ported by using more than two SSDs, ScaleSwap gradually
demonstrates higher performance compared with the Linux
swap system. With 8 SSDs, ScaleSwap achieves throughput
improvements of 2.4x,2.57x, 1.70x, 1.72%, and 1.91x in
the case of BFS, DNA visualization, Python list, gray-scale,
and flip, compared with the Linux swap system, respectively.
Especially, ScaleSwap can exhibit the highest performance
gap in DNA visualization, since it involves the most frequent
memory access. As a result, ScaleSwap delivers high scala-
bility even for these end-to-end applications.

When comparing the performance gains of microbench-
marks and end-to-end applications, ScaleSwap achieves
higher gains in the microbenchmark. This is because applica-
tions perform a larger proportion of computational operations
compared with the micro-benchmark (stress tool). The stress
tool accounts for only 0.29% of user-level CPU utilization.
Meanwhile, BFS, DNA, Python List, Gray, and Flip account
for 23.29%, 2.91%, 42.91%, 45.21%, and 41.56% of user-
level CPU utilization, respectively. Therefore, ScaleSwap
exhibits a greater performance gap under more memory-
intensive workloads, as increased memory access leads to
more frequent swap-in and swap-out operations.

5.4 Apache Spark

We evaluate ScaleSwap using Apache Spark, a widely
adopted framework for large-scale, in-memory data process-
ing. Spark is particularly suitable for evaluating swap per-
formance because it performs intensive memory operations
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Figure 16: Comparison with ExtMEM.

[ Swapsystem [ Throughput | Avglatency [ Iru_lock [ si_lock | Others |

. Linux swap 4.34 GB/s 768.67 us 53.27 % 1.43 % 45.3 %
®Main memory B Swap memory ®ScaleSwap ®ETMO ScaleSwap(LRU) | 8.13 GB/s 172.15 s 015% | 503% | 9482%
w ScaleSwap 14.81 GB/s 66.34 s 0.16 % 0% 99.84 %
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Figure 15: Comparison with TMO.

(a) Memory usage.

and often exceeds available DRAM capacity when work-
ing with large datasets. We use 128 WARC files from the
Common Crawl dataset (CC-MAIN-2025-13), each approxi-
mately 1GB in size. Parsing these files requires significantly
more memory than their raw size; for instance, processing
20,000 records per file can consume over 300GB of total
memory and swap. We vary the workload by adjusting the
number of input records per core. Figure 14 illustrates that
ScaleSwap outperforms the Linux swap system across all
input sizes, achieving both higher throughput and lower ex-
ecution time. At the largest workload (100,000 records per
core), ScaleSwap reaches 6.3 GB/s and achieves a 1.75x
higher throughput than the Linux swap system. These results
demonstrate that ScaleSwap maintains strong scalability and
performance advantages even in realistic, high-pressure data
analytics workloads.

5.5 Comparison with Prior Studies

Transparent memory offloading (TMO): We compare
ScaleSwap with TMO [88] by running three applications si-
multaneously: DNA visualization, gray-scale, and flip. TMO
utilizes compressed memory to free up space and minimizes
performance degradation caused by swap memory usage
through PSI-based real-time monitoring. To consider the
TMO feature, we evaluate TMO and ScaleSwap according to
memory compression ratios. Figure 15 illustrates the perfor-
mance comparison between TMO and ScaleSwap at different
compression ratios, where ScaleSwap outperforms TMO by
up to 64%. This gap tends to widen as the compression ratio
increases. The primary reasons for this performance gap are as
follows: TMO introduces CPU overhead during the memory
compression and decompression processes, leading to perfor-
mance degradation. When the maximum compression ratio
is reached and workloads still demand more memory, swap-

Table 5: Performance breakdown of Linux swap and ScaleSwap.

[ #of fullswapfiles |  Ofiles | 16files | 32files [ 6d4files | 96files |
Avail swap space 16 TB 14 TB 12TB 8 TB 4 TB
Throughput 14.81 GB/s | 13.93 GB/s 13.88 GB/s 13.33 GB/s 12.48 GB/s
Total exec time 52s 54s 55s 57s 635
DIg count 70,078,564 | 88,329,031 | 104,703,628 | 155,130,438 | 202,714,836
Total dlg time 2.102's 447s 5.974s 112125 16.574 s
Avg dlg time 29.99 ns 50.60 ns 57.05 ns 72.27 ns 81.76 ns

Table 6: Delegation overhead (Avail: available, Exec: execution,
Dlg: delegation, Avg: average).

ping occurs, leading to additional performance loss. TMO
focuses on reducing DRAM costs and improving memory uti-
lization while minimizing performance degradation through
PSI-based real-time monitoring. In contrast, ScaleSwap is de-
signed to maximize swap performance for memory-intensive
applications.

ExtMEM: We compare ScaleSwap with EXtMEM [41].
ExtMEM is a memory management framework designed
to implement application-specific page management poli-
cies in user space. To ensure a fair evaluation, we use
mmapbench [24] for this experiment, as it is employed in
ExtMEM. Figure 16a shows the throughput as the num-
ber of SSDs increases (from 1 to 8) with the thread count
fixed at 128, while Figure 16b evaluates their throughput
under increasing thread/core counts (from 1 to 128) with
8 SSDs. Figure 16a further demonstrates that ExtMEM ex-
hibits almost no performance improvement as more SSDs are
added, whereas ScaleSwap shows consistent performance
gains with each additional SSD. With 8 SSDs, ScaleSwap
achieves up to 5.02 x higher operations per second compared
to EXtMEM. As shown in Figure 16b, both systems initially
scale with the number of threads up to 16. However, beyond
32 threads, the performance of ExtMEM saturates or drops,
while ScaleSwap continues to scale steadily until 128 threads.
These results demonstrate that ScaleSwap can deliver bet-
ter performance compared with a framework for application-
based memory management.

5.6 Performance Breakdown

Table 5 shows the performance breakdown by measuring the
time spent on major locks using a kernel time function for
higher accuracy and lower overhead. We use 8 SSDs with 128
cores by running the stress tool with the same configuration.
In the Linux swap system, the 1ru_lock—used to synchro-
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nize LRU lists—accounts for 53.27% of the total execution
time, making it the most significant bottleneck. Our core-
affinity page and LRU management significantly reduce the
contention on 1ru_lock. However, the bottleneck is moved to
si_lock, which protects the swap metadata. To resolve this,
our core-centric swap resource management and opportunis-
tic inter-core swap assistance eliminate the lock contention
(si_lock) while supporting inter-core swap operations. By
doing so, ScaleSwap achieves swap scalability on many cores
and all-flash swap arrays.

5.7 Delegation Overhead

Table 6 presents the overhead of inter-core swap delegation in
ScaleSwap. Once a core’s dedicated swap file becomes full,
ScaleSwap delegates swap-out operations to other cores with
available swap space. It also delegates swap-in operations to
the cores that store the pages because each thread writes a
page and later reads back that same page in the stress work-
load. Thus, the results include both swap-out and swap-in del-
egation overheads. To trigger delegation more frequently, we
deliberately exhaust the capacities of 0, 16, 32, 64, and 96 ded-
icated swap files, rendering them unavailable, and then mea-
sure the delegation overhead. Even if we increase the number
of unavailable swap files to 96 extremely (only 32 swap files),
increasing the average delegation time, ScaleSwap sustains
approximately 84% of the peak throughput while the execu-
tion time increases modestly from 52 to 63 seconds. This
result indicates that the delegation overhead in ScaleSwap
is marginal when few swap files are unavailable, while it
sustains performance even with an extreme number of un-
available swap files. This is because delegation accesses swap
metadata, which involves only memory operations.

6 Related Work

Scaling systems with all-flash arrays: ScaleCache [67]
presents a scalable file-backed page cache for multiple SSDs
using concurrent data structures to eliminate X Array lock con-
tention. Falcon [49] targets a single flush thread per volume
and presents per-drive parallel I/O processing on multiple
SSDs. However, swap overhead mainly stems from locking in
the LRU and swap metadata, and Linux swap already supports
multiple application threads issuing striped swap I/O. Inspired
by these works [49, 67], we instead focus on improving swap
scalability via core-centric resource management.

Disaggregated/remote memory and swap systems: Infin-
iswap [36] presents an RDMA-based remote paging system
that distributes unused memory across multiple machines to
applications. AIFM [72] presents application-integrated far
memory to make far memory available to applications through
a simple API. TeRM [92] extends RDMA-attached memory
with SSD by eliminating page faults of RDMA NIC and CPU
from the critical path. Our study is inspired by these stud-
ies [36,72,92] and aligns with them in terms of extending
main memory and devising a swap system. Meanwhile, we
focus on developing a scalable swap system at the OS level.

Furthermore, our swap system can also be applied to the indi-
vidual disaggregated/remote servers in an additional memory
tier when their memory capacity is limited.

Tiered memory systems: NOMAD [89] presents a mech-
anism that features transactional page migration and page
shadowing for tiered memory. Colloid [85] is a memory man-
agement mechanism to optimize application performance
independently of the latency and bandwidth characteristics of
individual memory tiers. Our work is in line with these stud-
ies [85,89] in placing pages in the different tiers. Meanwhile,
we focus on scaling the OS swap system, which can also be
incorporated into the tiered systems.

Scaling memory systems: Hydra [30] is a page-table man-
agement that enables partial page-table replication across
NUMA nodes. Kogan et al. [47] propose scalable range
locks to accelerate non-conflicting virtual address space op-
erations. ExtMEM [41] presents a user-space framework for
application-based memory management, delegating memory
management policies from the kernel to user space. Our work
aligns with these studies [30,41,47] in scaling memory sys-
tems. In contrast, we design a concurrent OS swap memory
system via per-core and delegation mechanisms.

OS-based swap systems: FlashVM [74] is a virtual mem-
ory system that uses flash for swapping and optimizes GC
with flash-specific techniques. SSDAlloc [9] presents a
DRAM/flash memory manager and runtime library that en-
ables applications to allocate memory on flash, but it requires
application modifications via a special API. TMO [88] is a
Linux kernel offload or swap mechanism that adjusts how
much memory to offload or swap to heterogeneous devices.
ZNSwap [11] leverages the ZNS interface and enables co-
design between host side GC and Linux swap system. Our
study aligns with these studies [9, 11,74, 88] in terms of OS-
based swap systems. In contrast, we focus on scaling the swap
system across multiple SSDs by enhancing core concurrency
with a per-core dedicated and delegation model.

7 Conclusion

This paper introduces ScaleSwap, a scalable OS swap sys-
tem designed to enhance SSD/core scalability. ScaleSwap
embodies the key principle of orchestrating swap resources
and swap in/out operations in a core-centric manner. Based on
this key principle, ScaleSwap adopts three strategies: core-
centric swap resource management, opportunistic inter-core
swap assistance, and core-affinity page and LRU manage-
ment. Our evaluation demonstrates that ScaleSwap achieves
up to 3.4 x higher throughput and up to 11.5x lower latency
compared with the Linux swap system.
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