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ABSTRACT

RDMA-based memory disaggregation is gaining popularity
in modern datacenters to improve memory efficiency. How-
ever, existing memory management approaches for the dis-
aggregated memory (DM) architecture face a critical trade-
off: they either suffer from poor memory utilization due
to coarse-grained allocation, or encounter significant chal-
lenges in terms of performance, memory node CPU over-
head, security vulnerabilities, and limited flexibility.

In this paper, we present OneSidedMW, a novel system
that combines two advanced RDMA features—RDMA NIC
(RNIC) offloading and memory windows—to provide fine-
grained and highly efficient one-sided memory management
primitives for DM. Specifically, it leverages RNIC offloading
to perform MW binding and unbinding operations, achiev-
ing remote memory allocation and deallocation without in-
volving the memory node’s CPU. To demonstrate the effi-
ciency of OneSidedMW, we evaluate it over two represen-
tative DM systems: swap-based systems and disaggregated
key-value stores. OneSidedMW achieves up to 10.6x bet-
ter performance in disaggregated key-value stores and up
to 32.3% performance improvement in swap-based systems,
compared with the state-of-the-art approaches.

1 INTRODUCTION

Disaggregated memory (DM) architecture is a promising so-
lution to improve memory efficiency in modern datacen-
ters [7, 140L |18} 110} 155} 42, [17, 30]. This architecture sep-
arates compute and memory resources into two hardware
pools: compute nodes (CNs) with strong CPUs but little lo-
cal memory, and memory nodes (MNs) with abundant mem-
ory capacity but minimal CPU resources. It enables inde-
pendent scaling of compute and memory resources while
enhancing overall memory utilization. Leveraging RDMA
networks [2], CNs can directly access MN memory with
microsecond-level latency, bypassing the weak MN CPU. In
this paper, we focus on memory management in DM sys-
tems: how MNs efficiently allocate and release memory for
CNs while balancing performance, memory utilization, and
security. Our research begins with a comprehensive analysis
of existing memory management approaches.

First, the conventional approach relies on RDMA memory
region (MR) registration. To maximize memory utilization,
a MN have to frequently register fine-grained MRs and allo-
cate them to CNs on demand. However, MR registration is
prohibitively time-consuming, especially on the MN’s weak

CPU. To amortize this overhead, most DM systems adopt
coarse-grained MR registration [[10} [18} 36} [15} 1551 142 132]],
which causes severe memory underutilization due to internal
fragmentation. Prior work reveals that this approach only
achieves extremely low memory utilization—between 8.3%
and 58.3% in real-world applications [49].

Second, systems such as Patronus [51]] use a lightweight
memory management mechanism called memory windows
(MWs) to improve memory efficiency. MWs can be bound
to small memory chunks with significantly lower over-
head compared to MR registration. This enables finer-
grained memory allocation while maintaining better perfor-
mance than MR-based approaches. However, MW-based ap-
proaches still rely on RPCs for memory management, which
are slow and can become a bottleneck due to the limited CPU
power of MNs. For example, they can introduce a 27.7% per-
formance overhead in real-world applications [51]].

Moreover, RDMA offers two types of MWs, each with
different trade-offs. Type-1 MWs support rebinding, allow-
ing allocation and deallocation requests to be merged and
thus reducing MN CPU overhead. However, they intro-
duce serious security vulnerabilities that may allow mali-
cious CNs to access memory belonging to other CNs (de-
tailed in §2.3). In contrast, type-2 MWs enforce stronger
security guarantees, but incur higher performance overhead.

Third, ODRP [49] leverages RNIC offloading capabilities
to implement memory management and access logic on the
MN’s RNIC. This enables efficient page-level memory al-
location without involving the MN’s CPU. However, every
remote memory access in ODRP must go through address
translation implemented with the offloaded logic, adding
substantial latency (3.2x higher than one-sided RDMA) [49]].
Additionally, it only supports fixed-size (e.g., 4 KB) alloca-
tions and accesses, which is inflexible and limits its applica-
bility to diverse DM applications.

To address the limitations of prior approaches, it is nec-
essary to design a memory management system for DM that
is efficient, flexible, and secure. Our key insight is that we
can retrofit RNIC offloading to perform MW binding/unbind-
ing operations, achieving remote memory allocation/deal-
location without involving MNs’ CPUs. In this paper, we
present OneSidedMW, a system that combines RNIC of-
floading with type-2 MWs to achieve efficient fine-grained
and secure memory management. OneSidedMW partitions
a MN’s memory into chunks of configurable size and main-
tains metadata structures such as an MW information table
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and a free MW queue. When a CN requests remote memory,
it triggers the offloaded logic on the MN’s RNIC, which allo-
cates memory chunks, binds MWs, and returns the necessary
metadata to the CN—all without involving the MN CPU.

However, this approach faces two key challenges. First,
to guarantee strong memory isolation, a type-2 MW is as-
signed exclusively to the QP that performed the MW bind-
ing operation. As a result, all access requests to the same
memory chunk must use the same QP (enforced by RNIC
hardware), which can lead to performance interference. Sec-
ond, offloading memory management logic to the RNIC
can degrade the performance of one-sided RDMA accesses,
particularly as the number of QPs with offloaded logic in-
creases. This negative performance impact is overlooked in
prior RNIC-offloading-based studies 24, |37, 49].

To address the above challenges, we propose two novel
techniques: (1) QP and MW Grouping, which allows multi-
ple MWs to be bound to the same memory chunk so that it
can be accessed through multiple QP connections to prevent
performance interference; (2) Management-Access QP Sep-
aration, which reduces the negative performance impact of
RNIC offloading by maintaining a very small number of QPs
dedicated to memory management operations while allowing
memory access operations through separate QPs.

We have implemented OneSidedMW on commodity
RNICs and evaluated its effectiveness in two representa-
tive DM systems: a swap-based system [10] and a disag-
gregated key-value store [55]. In the swap-based system,
OneSidedMW achieves up to 2.38x higher memory uti-
lization than the MR-based approach, while incurring only
up to 6.3% performance overhead in real-world workloads.
Compared to other fine-grained memory management ap-
proaches, OneSidedMW outperforms the RNIC-offloading-
based ODRP [49]] by up to 32.3% and the RPC-MW-based
approach [51] by up to 21.5%. In the disaggregated key-
value store, OneSidedMW delivers throughput improve-
ments of up to 10.6 x over the RPC-MW-based approach.

In summary, this paper makes the following contributions:

* We identify critical efficiency, flexibility, and security
limitations in existing fine-grained memory management
approaches for DM systems.

e We present a novel system design that combines RNIC
offloading with type-2 MWs, enabling efficient, flexible,
and secure fine-grained memory management for DM.

* We implement and thoroughly evaluate OneSidedMW
across multiple DM applications, demonstrating substan-
tial improvements in both memory utilization and applica-
tion performance compared to state-of-the-art approaches.

2 BACKGROUND AND MOTIVATION

2.1 DM Architecture and Systems

Modern datacenters are adopting DM to enhance memory
efficiency [44, 110, 15} 149,140,155, 142,18} |39]]. This approach

separates compute and memory resources of host servers into
compute nodes (CNs) and memory nodes (MNs). CNs have
powerful CPUs but limited local memory, while MNs have
abundant memory but weak (or no) CPU power [9, 155 49,
31LI51]]. CNs can allocate memory on MNs and access it via
high-performance interconnects such as RDMA [2]].

Most RDMA-based DM systems can be categorized into
two types. Swap-based systems [[10} [18} 36} 149, 134, 129} {15}
45| leverage the kernel’s swap subsystem to transparently
swap application pages between local and remote memory.
Object-based systems [55} 142} 3111231132147, 146, 27 directly
expose a key-value store interface to user-level applications
to avoid page fault handling and reduce I/O amplification.

2.2 Existing DM Management Approaches

In DM systems, MNs need to perform memory management
by handling memory allocation and deallocation requests
from CNs and ensuring memory isolation among CNs.

2.2.1 MR-based Memory Management

RDMA provides a control path operation called memory
region (MR) registration for memory management. When
handling an allocation request, the MN registers a memory
chunk with its RNIC and sends the MR metadata back to the
CN, including its address and a 32-bit access token (rkey).

Traditional OS kernels use page faults and on-demand
mapping to achieve high memory utilization. To replicate
this in DM systems, frequent and fine-grained remote mem-
ory (de)allocation is necessary. However, MR registration
is time-consuming and CPU-intensive because it must pin
memory pages and set up a page table for the RNIC. This
can lead to significant performance overhead, and the weak
MN CPU may become a performance bottleneck. Prior
work [49] 51} 48] has demonstrated the inefficiency of fine-
grained MR registration for DM management.

As a result, most DM systems adopt coarse-grained MR
registration to minimize memory management overhead. For
example, swap-based systems [18} 36l 45| 29| [15] register
large MRs (e.g., 1 GB) and allocate them to CNs, while
object-based systems such as RACE [55] and Aceso [23]
pre-register the entire memory required for future inser-
tions. However, extensive studies have demonstrated that
this coarse-grained allocation leads to significant memory
waste due to fragmentation. For example, ODRP [49] re-
ports that swap-based systems using coarse-grained alloca-
tion achieve only 8.3% to 58.3% memory utilization. Sim-
ilarly, FineMem [48] and CoRM [43] show that coarse-
grained allocation in disaggregated key-value stores results
in substantial memory inefficiency. These findings highlight
the importance of supporting fine-grained memory allocation
in DM systems to improve memory utilization.

2.2.2 RPC-MW-based Memory Management

To improve memory efficiency over the MR-based approach,
Patronus [51]] uses a lightweight memory protection mecha-
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‘ Technique Memory Utilization No CPU  Allocation Perf  Access Perf 1/0 Size Isolation
Static-MR [10/]15!1551132] | MR Poor v - Good Arbitrary Strong
ODRP [49] RNIC offloading Optimal v Good Medium Fixed4KB  Strong
RPC-MW [51] RPC + MW Good b 4 Medium Good Arbitrary Weak (type-1)
OneSidedMW RNIC offloading + MW Good v Good Good Arbitrary Strong

Table 1: Comparison of OneSidedMW and other disaggregated memory management approaches.

nism called memory window (MW) [3]. An MW also has an
rkey and can be bound to a fine-grained region within a pre-
registered MR. Binding an MW grants access permissions to
the specified memory area, while unbinding it revokes those
permissions. Compared to MR registration, MW binding and
unbinding are much more efficient—they can be performed
asynchronously in user space and typically complete within
microseconds [S1} |48]]. In this approach, a CN requests re-
mote memory by sending an RPC to the MN, which then
allocates a small memory chunk, binds a pre-allocated MW
to it, and returns the address and the MW’s rkey to the CN.

Notably, RDMA supports two types of MWs, each with
different trade-offs: Type-1 MWs allow access from any
queue pair (QP—the communication channel of RDMA) af-
ter the MW binding operation, as long as the correct rkey is
provided. This introduces a potential security vulnerability
(detailed in §. Compromised CNs can exploit this vul-
nerability to gain unauthorized access to MN memory owned
by other CNs. However, type-1 MWs support MW rebind-
ing operations, which allow merging allocation (MW bind-
ing) and deallocation (MW unbinding) requests to reduce
MN CPU overhead. In contrast, type-2 MWs provide much
stronger security guarantees. After the MW binding oper-
ation, a type-2 MW is exclusively assigned to the QP that
performed the MW binding operation, meaning only this QP
can access its memory area or unbind the MW [5 38, |50]].

While MWs alleviate the memory management burden
for the MN compared to the MR-based approach, the RPC-
based memory allocation process remains orders of magni-
tude slower than one-sided RDMA (§6.3), primarily due to
the costly RNIC-to-CPU notification path. This dependency
on the MN CPU not only introduces substantial latency but
also risks severe performance degradation if the already lim-
ited MN CPU resources become saturated.

2.2.3 RNIC-offloading-based Memory Management

Background on RNIC offloading. Figure[I] presents a sim-
ple illustration of RNIC offloading. RDMA communication
is based on QP connections. Each QP has a pair of work
queues (WQs), namely send queue (SQ) and receive queue
(RQ). RDMA applications communicate with each other by
posting work requests (WRs) to these WQs. RNIC offload-
ing is enabled by a native WR called WAIT [1]. It allows
RNICs to suspend execution on the SQ, wait for another
WR to complete, and trigger subsequent pre-posted WRs.
By waiting on the first RECV WR, the RNIC will automat-
ically execute the following WRs after receiving an RDMA

RNIC @ Trigger @ Execute logic

[ WAIT }—»[ WR Chain S
Queue
SEND —— RECV EEEE
Queue

© Request| Work Queue

Figure 1: A simple illustration of RNIC offloading.

SEND, bypassing the CPU. The following WRs (i.e., WR
chain) consist of multiple basic RDMA WRs such as READ,
WRITE, CAS, and FAA to perform pre-programmed logic
without involving the CPU.

ODREP [49] focuses on swap-based systems and leverages
RNIC offloading to implement all memory access and man-
agement logic on the MN’s RNIC. The MN divides its mem-
ory into 4 KB pages and provides each CN with a translation
table that maps the CN’s swap addresses to the MN-side page
addresses to enforce memory isolation. A swap request sent
from a CN triggers the MN’s RNIC to execute the offloaded
WR chain, which performs address translation. If the swap
address is unmapped, the WR chain also allocates a memory
page, updates the CN’s translation table, and then returns the
result. As a result, ODRP achieves optimal memory utiliza-
tion through its page-level allocation.

However, performing additional address translation on
every access introduces extra WR executions and PCle
roundtrips, increasing the access latency to 11.9 us—3.2x
higher than one-sided RDMA. This prolonged latency re-
sults in noticeable end-to-end performance degradation, es-
pecially under swap-intensive workloads with multiple CN’s,
leading to a 40.6% performance overhead, as shown in

2.3 Quantitative Analysis

We apply the above approaches to a swap-based sys-
tem [10] and conduct experiments with a real-world appli-
cation, Kmeans. Figure [2] presents the results of running
48 Kmeans tasks (with 50% local memory) on 6 CNs with
one shared MN. MR-based approach (Static-MR) adopts
1 GB allocation, the same as prior systems [18} [36, 45,
150 129]. RPC-MW-based approach (RPC-MW) and RNIC-
offloading-based approach (ODRP) employ finer-grained
granularities of 1 MB and 4 KB, respectively. Detailed setup
can be found in § [6] Table [T] summarizes the comparison
between different approaches.

Poor memory efficiency of Static-MR. Figure [2{a) illus-
trates the average memory utilization during application run-
time, which is defined as the ratio of actually used remote
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Figure 2: A comparison of existing memory management
approaches in terms of (a) memory efficiency, (b) MN CPU
usage, and (c) performance.

memory to the allocated remote memory. Static-MR leads to
the worst memory utilization due to its 1 GB allocation gran-
ularity and the inevitable internal fragmentation. In contrast,
ODRP and RPC-MW can significantly improve memory ef-
ficiency owing to their finer-grained allocation. They achieve
memory utilization of 100% and 97%, respectively.

High MN CPU usage of RPC-MW. As shown in Fig-
ureZb), RPC-MW imposes significant CPU overhead on the
MN, with type-1 and type-2 MWs consuming 36% and 56%
of the MN CPU resources, respectively. Moreover, the con-
tention for the weak MN CPU can delay memory allocation
requests, causing severe performance degradation. In our
scalability test with a disaggregated key-value store, RPC-
MW causes up to 16.6x throughput degradation compared to
Static-MR (§ [6.1.2). This demonstrates that the MN’s weak
CPU can become a critical performance bottleneck.

Non-optimal performance of RPC-MW and ODRP. As
shown in Figure 2Jc), RPC-MW using type-2 MWs intro-
duces a 29.2% performance overhead compared to Static-
MR. Although switching to type-1 MWs reduces this over-
head to 17.3%, it introduces a serious security vulnerability
and remains dependent on the MN CPU. ODRP suffers from
even higher performance degradation (40.6% overhead) due
to its slower memory access path.

Weak memory isolation of RPC-MW (type-1). Although
type-1 MWs can reduce the MN CPU overhead and improve
performance by merging memory allocation and dealloca-
tion requests through MW rebinding, they introduce a severe
security vulnerability. Specifically, after an MW rebinding
operation, a new rkey is assigned to the MW, invalidating the
previous one. However, only the lower 8 bits of the MW’s
rkey are modified, while the upper 24 bits remain unchanged,
as the RNIC hardware uses these 24 bits to index the MW’s
on-chip metadata [5]. This limitation enables a malicious CN
to gain unauthorized access to an MW after it has been re-
allocated to another CN by simply enumerating all 256 (2%)
possible rkeys, since type-1 MWs permit any QP to access
their memory area if the correct rkey is provided.

Inflexibility of ODRP. The offloaded logic in ODRP is tai-
lored for swap requests, confining it to fixed 4 KB size allo-
cation and access. This design constraint limits its applica-
bility to diverse DM applications such as disaggregated key-
value stores, which require variable-sized memory access.

3 OVERVIEW

The limitations of existing memory management approaches
motivate the need for new primitives in DM architectures that
eliminate MN CPU involvement, deliver high-performance
memory access, support flexible I/O sizes, and guarantee
strong memory isolation.

Our key insight is that we can retrofit RNIC offload-
ing to perform MW binding/unbinding operations, achiev-
ing remote memory allocation/deallocation without involy-
ing MNs’ CPUs. By combining the benefits of RNIC offload-
ing with type-2 MWs, we achieve fast one-sided memory al-
location and deallocation while preserving the performance
advantages of one-sided RDMA READ/WRITE operations,
and ensuring strong memory isolation.

3.1 System Architecture and Workflow

System architecture. OneSidedMW is a fine-grained mem-
ory management approach designed for DM architectures.
Figure [3] illustrates the system architecture and workflow.
On the CN side, OneSidedMW provides a set of APIs for
CN runtime systems (e.g., disaggregated key-value stores or
the Linux swap subsystem) to efficiently allocate, free, and
access remote memory without involving the MNs’ CPU.
On the MN side, OneSidedMW organizes memory into
fine-grained chunks of configurable size and pre-allocates
an initially unbound type-2 memory window (MW) for each
chunk. Each MN maintains two types of metadata to manage
its memory chunks. First, it maintains an MW information
table (MWTable) that stores metadata for all MWs, where
each entry records the base address of a memory chunk
and the rkey of its corresponding MW. Second, it utilizes
a circular-buffer-based queue (free MW queue) to record all
available MWs, with each queue element pointing to an entry
in the MWTable. Additionally, OneSidedMW offloads the
memory (de)allocation logic (i.e., WR chains) to the RNIC.
When handling memory allocation requests, the offloaded
logic allocates an MW from the free MW queue, binds the
MW to its corresponding memory chunk, and returns the
MW’s metadata (i.e., address and rkey) to the requesting CN.

Workflow. When a CN requires additional remote memory,
it invokes the OneSidedMW API to send a memory alloca-
tion request via its QP connection with the MN (@). This
request triggers the MN’s RNIC to fetch and execute the pre-
offloaded WR chain from the work queue (WQ) (). The
detailed design of WR chains is described in §4.3] At a
high level, the WR chain implements the memory alloca-
tion logic by first allocating an MWTable entry from the free
MW queue (®) and then binding the corresponding MW to
the target memory chunk (@). The MW binding operation
also exclusively assigns the MW to the requesting QP con-
nection. Finally, the WR chain sends the metadata of the
allocated memory chunk—specifically, its base address and
the MW’s rkey— to the CN (®). With this metadata, the CN
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Figure 3: OneSidedMW architecture and workflow overview.

can access the allocated memory chunk through its associ-
ated MW. Memory deallocation follows a similar process.

3.2 Challenges and Solutions

RDMA access requests within a single QP are processed in
order by the RNIC processing units. Therefore, CNs in ex-
isting DM systems typically establish multiple QP connec-
tions with an MN, which provides two key advantages: (1)
Isolating latency-sensitive requests from latency-insensitive
ones to minimize performance interference. For example,
swap-based systems [10, 36] send swap-in, swap-out, and
page prefetch requests through separate QPs to prevent in-
terference. (2) Leveraging the RNIC’s internal parallelism to
improve concurrent access performance. However, OneSid-
edMW’s adoption of type-2 MWs for strong memory iso-
lation introduces a significant constraint: a type-2 MW can
only be accessed or unbound through the specific QP that
originally performed its binding operation.

Challenge #1: Performance interference within a QP.
This restriction can cause latency-sensitive requests (e.g.,
swap-in) to be delayed by latency-insensitive ones (e.g., page
prefetch) when they access the same remote memory chunk,
as they must share the same QP.

To address this issue, we propose a technique called QP
and MW Grouping. This approach pre-allocates multiple
MWs—forming an MW group—for a memory chunk and
binds all these MWs to the chunk during its allocation.
This allows a CN to access the same remote memory chunk
through multiple, distinct QP connections (detailed in § [4.T).

Challenge #2: Offloading overhead with multiple QPs.
To exploit the parallel processing capability of the MN’s
RNIC, a CN typically establishes multiple QP connections
with the MN for memory access—often on a per-CPU-core
or per-thread basis. Due to the exclusive assignment of
type-2 MWs, each QP connection would require its own of-
floaded memory allocation logic. However, we discovered
that offloading logic to the RNIC can impair its efficiency
in handling one-sided RDMA operations. We confirmed
with NVIDIA engineers that this is expected behavior since
RNIC offloading consumes hardware resources. This per-
formance impact, overlooked by previous RNIC-offloading-
based studies [24} 37, 149], becomes more pronounced as the
number of QPs containing offloaded logic increases. With

96 MN-side QPs containing offloaded logic, the latency of
one-sided READ operations increases by 12.6%.

To solve this challenge, we propose Management-Access
QP Separation, which separates memory management QPs
from memory access QPs. This approach significantly re-
duces the number of QPs that contain offloaded logic by al-
lowing a few dedicated memory management QPs to allocate
memory while assigning MWSs to other memory access QPs
without compromising memory isolation (detailed in § 4.2).

4 DETAILED DESIGN

4.1 QP and MW Grouping

With type-2 MWs, memory access requests targeting the
same MW must use the same QP that performed the MW
binding operation (i.e., the QP through which the CN orig-
inally sent the allocation request). This constraint can
cause latency-sensitive requests to be delayed by latency-
insensitive ones if they target the same memory chunk.

To overcome this limitation, we make a key observation
that  different MWs can be bound to overlapping memory
areas. Based on this observation, we propose QP and MW
Grouping. As shown in Figure ] this technique extends
the one-to-one binding between MWs and memory chunks
to a many-to-one relationship. To be specific, the MN in
OneSidedMW pre-allocates multiple MWs for each memory
chunk, forming an MW group. The number of MWs in a
group is configurable based on application requirements (see
§B). Correspondingly, QPs are organized into QP groups
with the same number of QPs as MWs in an MW group.

MN-side metadata extension. This technique extends the
MWTable so that each entry now represents an entire MW
group. Specifically, each entry stores the base address of the
associated memory chunk, along with the rkeys for all MWs
within the MW group.

Group-based allocation. When handling an allocation re-
quest, the WR chain allocates an MWTable entry from the
free MW queue, which contains the metadata of an MW
group. The WR chain then binds each MW in the group
to the same memory chunk and assigns each MW to a dif-
ferent QP from the CN-specified QP group. The process of
posting the MW binding WR in one QP while assigning the
MW to another QP is detailed in Finally, the WR chain
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Figure 4: An illustration of QP and MW Grouping and
Management-Access QP Separation techniques.

returns the metadata of the allocated MW group to the CN,
including the base address and all MWs’ rkeys.

Access through multiple QPs. Each MW in the MW
group provides a distinct access path through its assigned
QP. When accessing the allocated memory chunk, the CN
can use any QP from the QP group along with its correspond-
ing MW’s rkey. This flexibility enables applications to im-
plement intelligent request routing strategies. For instance,
a CN can direct latency-sensitive and latency-insensitive re-
quests through different QPs, effectively preventing perfor-
mance interference between different request types.

4.2 Management-Access QP Separation

To fully leverage RNIC’s internal parallelism, a CN typi-
cally establishes multiple QP connections with the MN for
memory access—often on a per-CPU core or per-thread ba-
sis. However, the exclusive assignment of type-2 MWs re-
quires each QP connection to include its own offloaded MW
binding logic. This approach leads to an excessive number of
QPs containing offloaded logic, which significantly degrades
memory access performance, as mentioned in §3.2]

To address this challenge, we make a key observation that
memory allocation, as a control path operation, occurs less
[frequently than memory access operations. ~ Therefore, a
small number of memory management QPs can adequately
serve each CN’s needs. Based on this observation, we pro-
pose Management-Access QP Separation, which separates
memory management QPs from memory access QPs. As
shown in Figure 4] instead of offloading memory allocation
logic to every QP, OneSidedMW designates a small number
of QPs (Alloc QPs and Free QPs) to handle memory
(de)allocation requests. The remaining QPs, organized into
QP groups, are dedicated to memory access operations.
This separation significantly reduces the number of QPs
containing offloaded memory management logic, thereby
minimizing their negative performance impact.

Cross-QP MW assigning. A key technical challenge is how
to assign type-2 MWs to Access QPs when the MW binding
WRs are performed by the Alloc QP during allocation. We
found that the MW binding WR includes a gpn (queue pair
number) field, which determines the QP to which the MW is
assigned. By default, this field is set to the gpn of the Alloc
QP that performs the WR. However, because posted WRs in

offloaded WR chains are not executed immediately, the gpn
field can be updated prior to execution. By explicitly setting
this field to the gpn of an Access QP, we can bind the MW to
a memory chunk and assign it to the Access QP. As a result,
only the designated Access QP can subsequently access the
memory chunk via this MW.

When handling an allocation request, the WR chain in the
Alloc QP binds each MW in the MW group to the same
memory chunk while assigning each MW to a distinct QP
within the CN-specified QP group. Each QP group also con-
tains a Free QP to ensure secure memory deallocation (as
detailed in § .4). The Free QP can be shared among differ-
ent QP groups, as shown in Figure ] and is responsible for
releasing the memory chunk and unbinding the MWs.

4.3 Detailed WR Chain Design

Memory allocation WR chain. Figure 5] illustrates the
pseudocode and detailed WR chain design for memory al-
location operations, exemplified with an MW group size of
3. A CN allocates a remote memory chunk by posting an
RDMA SEND to its Alloc QP with arguments, including
the gpns of its specified Access QPs (access_gpnl and
access_gpn2) and CN_buff. The CN_buff is used to
receive the metadata of the allocated memory chunk.

The request triggers the MN’s RNIC to execute the of-
floaded WR chain. The initial RECV WR receives the CN’s
arguments, filling the gpn fields of subsequent BIND_MW
WRs with access_gpnl and access_gpn2, and updat-
ing the destination field (dst) of the final WRITE WR to
CN_buff (@). The chain then allocates a queue element
from the free MW queue by performing a fetch-and-add
(FAA) WR on the queue head (), and reads the address of
the corresponding MWTable entry from the allocated queue
element (®). A subsequent READ retrieves the MWTable
entry and uses the MW group metadata to update the rkey
and addr fields of the following BIND_MW WRs (®). The
BIND_MW WRs proceed to bind each MW in the group
to the memory chunk, assigning them to the specified Ac-
cess QPs (®~@). Importantly, the first MW in the group is
mandatorily assigned to the Free QP (as shown in Figure[d),
which is essential for validating memory free requests (see
§4.4). Finally, the last WRITE WR returns the MW group
metadata to the CN (). Additionally, the address of the al-
located MWTable entry is also returned to the CN, serving
as an argument for subsequent memory free operations.

Memory free WR chain. The memory free WR chain takes
the MWTable entry address as an argument. It first reads the
MW group metadata from the entry and uses this metadata to
update the subsequent UNBIND_MW WRs. Since the first
MW in the group is assigned to the Free QP, it can success-
fully unbind this MW from the memory chunk. The subse-
quent UNBIND_MW WRs are configured by the MN to skip
gpn checks during unbinding, allowing the WR chain in the
Free QP to unbind the remaining MWs that are assigned to
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Figure 5: An illustration of the memory allocation WR chain. The red characters represent that these fields are modified during

execution by previous WRs.

Access QPs. Finally, the WR chain performs a FAA opera-
tion on the tail pointer of the free MW queue and inserts the
released entry back into the free MW queue.

Detecting empty free MW queue. We include a WRITE
WR in the memory allocation WR chain to zero out the al-
located queue element. When the first allocation attempt oc-
curs on an empty free MW queue, it will encounter a null
pointer, triggering an RDMA protection error during subse-
quent WR execution. This error notifies the MN CPU, which
then broadcasts the empty free MW queue state to all CNs.
Then the MN CPU continuously checks the tail pointer of the
free MW queue. Once a series of memory free operations re-
plenish the free MW queue, the MN CPU broadcasts to all
CNs, signaling that free MWs are available again.

Handling crashed CNs. To handle unexpected CN crashes,
OneSidedMW implements an efficient memory reclama-
tion mechanism. We introduce an owner_id field in each
MWTable entry to track the owning CN. The memory al-
location WR chain includes a WRITE WR that sets the
owner_id to the requesting CN’s ID during allocation.
Similarly, the owner_id is set to zero during deallocation.
This design enables the MN to promptly identify and reclaim
memory chunks allocated to crashed CNs.

4.4 Security Analysis

To ensure memory isolation among CNs, OneSidedMW en-
forces the following three security properties: (1) A mem-
ory chunk (along with its associated MW group) must either
be unallocated or exclusively owned by a single CN. (2) A
memory chunk can only be released by the CN that currently
owns it. (3) A CN cannot access memory chunks allocated
to other CNs. We first define our security model and then
demonstrate that OneSidedMW satisfies these three security
properties even in the presence of malicious CNs.

Security model. As in existing systems [49, 51} 21], we as-
sume MN’s are trusted, while CN's could be compromised and
mutually distrust each other. A CN can only interact with the
MN by sending memory allocation/free requests or perform-
ing one-sided RDMA operations to access remote memory
via its own QP connections.

Protection against memory allocation interference. Mem-
ory allocation in OneSidedMW is managed through dedi-

cated QPs with carefully designed WR chains. The atomic
operations (FAA) used in the allocation process ensure that
each MWTable entry is allocated to exactly one CN, even if
multiple CN's request memory simultaneously. If a malicious
CN provides invalid arguments in its memory allocation re-
quest, the impact is limited to the malicious CN itself. For
example, providing invalid access_gpn only makes the
CN itself unable to access the allocated memory. Providing
invalid CN_buff only prevents the CN from receiving the
returned metadata. As such, a malicious CN can, at worst,
exhaust memory resources by continuously issuing memory
allocation requests. The mitigation strategy for this resource
exhaustion attack is described in a later paragraph.

Protection against unauthorized memory free. A mali-
cious CN could attempt to free memory chunks owned by
other CNs by submitting an invalid MWTable entry address
(i.e., the address of an MWTable entry not owned by the ma-
licious CN). To defend against such attacks, the memory free
WR chain incorporates a crucial validation mechanism that
ensures memory free requests originate only from the legiti-
mate owner. In our design, the first MW in each MW group
is assigned to the Free QP during memory allocation. If a
malicious CN attempts to provide an invalid MWTable en-
try address to the memory free WR chain, this illegal opera-
tion will trigger an error event on the RNIC. This is because
the first MW being unbound is not assigned to the malicious
CN’s Free QP, and a type-2 MW can only be unbound by its
assigned QP.

Protection against unauthorized memory access. As pre-
viously demonstrated, a memory chunk and its associated
MW group can be allocated to at most one CN at any given
time. After memory allocation, the MWs are exclusively as-
signed to the Access QPs of the CN that submitted the al-
location request. This exclusive assignment, facilitated by
type-2 MWs and enforced by RNIC hardware, ensures that a
malicious CN cannot access the allocated memory chunk of
another CN through one-sided RDMA operations.

Protection against DoS attack. A malicious CN could
try to exhaust memory resources by sending an excessive
number of memory allocation requests. To ensure alloca-
tion fairness, we impose a limit on the number of memory
chunks that a CN can allocate. The MN CPU periodically
reads the RDMA hardware counters [[6] of a CN’s memory
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management QPs to track the number of executed memory
(de)allocation requests. If the number of allocated memory
chunks for a CN exceeds the budget, the MN CPU will dis-
connect the memory management QP connections of the CN,
effectively preventing it from executing DoS attacks.

5 IMPLEMENTATION

We implement OneSidedMW based on RedN [37] and li-
bibverbs (version 4.9). At initialization, the MN registers
all its memory and divides it into multiple memory chunks
with configurable size. Then it pre-allocates an MW group
for each memory chunk and initializes the MWTable and
the free MW queue. When receiving an Alloc QP or Free
QP connection request from a CN, it offloads WR chains
to the QP’s work queue to handle future memory allocation
and free requests. On the CN side, OneSidedMW can be
integrated with various types of CN runtime systems, as it
supports flexible memory allocation granularity and arbitrary
I/0O sizes. Next, we explain how to apply OneSidedMW to
the two most representative DM systems.

5.1 Swap-based System

We integrate OneSidedMW with Fastswap [10], a state-of-
the-art swap-based DM system. Instead of coarse-grained
MR registration, OneSidedMW adopts a 1 MB allocation
granularity, which is sufficient to significantly improve re-
mote memory utilization in our practice. The MN partitions
its memory into 1 MB chunks, while each CN divides its
swap space into 1 MB segments and maps them to remote
memory on demand. Each CN establishes an Alloc QP and
a Free QP connection with the MN, and creates an Access
QP group for each CPU core for remote access. We con-
figure the MW group size to 3, which effectively prevents
performance interference. When accessing remote memory,
the CN selects the appropriate QP group based on the target
chunk, using different QPs within the QP group to separate
synchronous swap requests from asynchronous prefetches.

5.2 Disaggregated Key-Value Store

We integrate OneSidedMW with RACE hashing [55], a
state-of-the-art hash index designed for DM architecture and
widely adopted in disaggregated key-value stores [42, 23|
54, 41]]. To support efficient memory management, OneSid-
edMW adopts a two-level allocation similar to FUSEE [42].
The MN divides its memory into fine-grained chunks (e.g.,
16 KB). Each CN allocates remote memory chunks from the
MN and organizes them into multiple size classes to mini-
mize internal fragmentation. For each insert or write opera-
tion, the CN allocates memory for the value from the small-
est size class that fits it. Similar to the swap-based system,
each CN establishes an Alloc QP and a Free QP connection
with the MN, and creates Access QP group connections ac-
cording to its number of worker threads. We set the MW
group size to 2, which is sufficient for KV operations.

6 EVALUATION

Testbed. We perform our evaluations on a cluster consist-
ing of one MN and 6 CNs, interconnected via an InfiniBand
switch. This setup is consistent with prior studies [S1, 49]
and real-world deployments [30]], which show that pooling
memory across a modest number of CNs (typically 8-16
CPU sockets) is sufficient to realize most of the benefits of
disaggregated memory. Each node is equipped with two 12-
core Intel Xeon E5-2650 CPUs and a 100 Gbps Mellanox
ConnectX-5 IB RNIC. Each CN is provisioned with 32 GB
of swap space, while the MN is equipped with 224 GB of
DRAM. Hyper-threading and dynamic frequency scaling are
disabled unless otherwise specified. All nodes run Mellanox
OFED 4.9 and Linux 4.15 with transparent huge page (THP)
disabled. We only use one CPU core on the MN to sim-
ulate the weak processing power, following previous stud-
ies [49] 42,132, 133|[31]], unless otherwise specified.

Comparison. We evaluate OneSidedMW against four base-
lines as outlined in § (1) Static-MR, pre-registering
coarse-grained MRs for memory management, represent-
ing the approach adopted by most current DM systems.
(2) RPC-MW(type-1), using RPC and fine-grained MW
(un)binding for memory management, adopted by Pa-
tronus [S1]. (3) RPC-MW(type-2), similar to RPC-
MW(type-1) but using type-2 MW to enforce stronger mem-
ory isolation. (4) ODRP [49], offloading memory access and
management logic to the MN’s RNIC.

6.1 Disaggregated Key-Value Store

Experimental setting. In this evaluation, we set the alloca-
tion granularity of Static-MR to 16 MB, the same as previ-
ous studies [42]]. We vary the allocation granularity of other
baselines from 512 B to 32 KB. ODRP is not included in this
test, as it only supports fixed 4 KB allocation and access.

Workloads. To effectively evaluate the effects of different
memory management approaches on both performance and
memory efficiency, we use the fillsync and deleterandom
traces from RocksDB’s db_bench test suite [4]. The work-
load first inserts 1 million key-value pairs in random order,
then randomly deletes 90% of them to simulate an allocation
spike, which is a representative pattern in bursty function-as-
a-service workloads [53]]. Additionally, we use a YCSB-D-
like trace that performs a mix of 50% reads and 50% inserts,
followed by randomly deleting 90% of the inserted keys.

6.1.1 End-to-end performance and memory efficiency

We run the workload using 24 threads on a single CN. Fig-
ure [0] presents throughput, memory efficiency, P99 tail la-
tency, and peak MN CPU usage across different KV block
sizes and allocation granularities. Memory efficiency is mea-
sured by the deallocation rate—the ratio of MN memory
freed after the workload completes.
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Figure 6: Performance and memory efficiency compari-
son. The left column shows throughput and deallocation rate
(higher is better). The right column shows P99 tail latency
and peak MN CPU usage (lower is better).

Throughput and memory efficiency. The left column in
Figure[6]shows the throughput with different allocation gran-
ularities. Static-MR achieves the highest throughput across
all scenarios because it involves much fewer memory allo-
cation requests compared to other baselines. However, it ex-
hibits the worst memory efficiency. Its coarse-grained mem-
ory management causes severe internal fragmentation, pre-
venting any MN memory from being reclaimed.
OneSidedMW, RPC-MW(type-1), and RPC-MW (type-2)
all deliver much better memory efficiency than Static-MR
thanks to their fine-grained memory management. How-
ever, this improvement comes at a substantial performance
cost for RPC-MW(type-1) and RPC-MW(type-2). In the
insert-only workload with 1 KB value size, RPC-MW(type-
2) with 2 KB allocation size achieves just 33.9% of Static-
MR’s throughput. Even with a mixed workload of 50% reads
and 50% inserts, its throughput only reaches 53.7% of Static-
MR. This performance penalty is mainly due to two factors:
(1) RPC-based memory allocation incurs expensive RNIC-
to-CPU notification overheads, and (2) the high frequency
of allocation requests can easily overwhelm the weak MN
CPU. Additionally, the MW rebinding capability of type-1
MWs does not alleviate this overhead in these workloads,
since allocation and deallocation do not occur concurrently.
By comparison, OneSidedMW enjoys the memory effi-
ciency benefit with minimal throughput degradation. As
allocation granularity decreases, OneSidedMW consistently
sustains high throughput. For example, in the insert-only
workload with 1 KB value size, OneSidedMW with 4 KB al-
location size achieves a 65.6% deallocation rate while in-
curring only an 8.73% throughput overhead. With 2KB al-

location size, it saves 81.1% of MN memory at the cost of
18.4% throughput overhead. Compared to RPC-MW(type-
1) and RPC-MW(type-2), OneSidedMW delivers up to
2.71x higher throughput, highlighting its ability to balance
performance and memory efficiency. This performance ad-
vantage of OneSidedMW comes from efficient one-sided
memory allocation that bypasses the MN CPU. Even un-
der high contention, allocation latency remains around 20 us
(see §6.3)), and this overhead is negligible when amortized
over each key-value request.

Tail latency and remote CPU usage. The right column of
Figure[6| presents the P99 tail latency and peak MN CPU us-
age across different allocation granularities. OneSidedMW
maintains tail latency close to that of Static-MR, introducing
only a modest 10—15 us increase due to memory allocation.
In contrast, RPC-MW(type-1) and RPC-MW(type-2) exhibit
substantially higher tail latencies: when the MN CPU is not
saturated, their P99 tail latency is 2.17x that of OneSid-
edMW; once the weak MN CPU becomes saturated, their tail
latency increases up to 5.26 x that of OneSidedMW. This dis-
parity arises because OneSidedMW bypasses the weak MN
CPU during memory allocation and prevents it from becom-
ing a performance bottleneck.

6.1.2 Scalability

In this section, we analyze the scalability of OneSidedMW
by increasing the number of worker threads running on 6
CNs, using an insert-only workload, until peak throughput
is reached. We enable CPU hyper-threading to create 48
threads on each CN to saturate the MN’s RNIC. We use
1 KB value size, which is representative of real-world work-
loads [14} [16]. Figure [7] shows the throughput, P99 tail la-
tency, and MN CPU usage. We include only RPC-MW in
this figure since both RPC-MW(type-1) and RPC-MW(type-
2) exhibit similar performance.

Although RPC-MW enhances memory efficiency, it suf-
fers from poor scalability. As the number of CN threads in-
creases, the weak MN CPU quickly becomes a bottleneck,
causing significant degradation in both throughput and tail
latency. With a 4 KB allocation size, RPC-MW achieves
only 6.0% of Static-MR’s peak throughput, and its P99 tail
latency increases by orders of magnitude.

In contrast, OneSidedMW delivers highly efficient one-
sided memory allocation that is not limited by the weak MN
CPU. With 8 KB and 4 KB allocation sizes, OneSidedMW
achieves 80.2% and 63.8% of Static-MR’s peak through-
put, respectively, while substantially improving memory ef-
ficiency—reducing MN memory usage by 43% and 65.6%
compared to Static-MR. Compared to RPC-MW, OneSid-
edMW lowers P99 tail latency by up to 97.7% and achieves
up to 10.6x higher throughput.

To further understand the impact of CPU constraints, we
also evaluate RPC-MW with unlimited MN CPU cores, as
shown by the “-unlimited-CPU” baselines in Figure|/| Even
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Figure 7: (a) Throughput, (b) P99 tail latency, and (c) peak
MN CPU usage with 1 KB value size as the number of CN
threads increases.

in this idealized scenario, RPC-MW remains bottlenecked by
its expensive RPC-based memory allocation, reaching only
up to 44.9% of OneSidedMW'’s peak throughput.

6.2 Swap-based System

Experimental setting. We configure Static-MR with a 1 GB
allocation granularity, consistent with prior MR-based ap-
proaches [[18, 36l 45] [15 29]. For OneSidedMW, RPC-
MW(type-1), and RPC-MW(type-2), we use a 1 MB allo-
cation granularity, which in practice provides a substantial
improvement in memory efficiency. ODRP is evaluated with
its default 4 KB allocation size. Note that OneSidedMW and
all other baselines perform swap operations using 4 KB page
I/0, independent of their memory allocation granularity.

Evaluated applications. We evaluate a variety of cloud ap-
plications representative of those used in prior studies [49]
10, 152]: (1) Kmeans with a 32 GB working set; (2) Mem-
cached with the Facebook ETC workload [11], configured
with one server thread and four client threads, using a 32 GB
working set; (3) PageRank and (4) Betweenness Centrality
from GAPBS [12]], both executed on the Twitter dataset [26]]
with 4 threads and a 14 GB working set.

6.2.1 End-to-end performance and memory efficiency

We run the applications on 6 CNs and one shared MN with
50% and 25% local memory available, measuring their av-
erage execution time, peak MN CPU usage, and memory ef-
ficiency. In this test, we also include two fine-grained MR
registration baselines, Fine-MR(1 MB) and Fine-MR(4 MB),
to illustrate their impracticality.

Performance. The first row of Figure [§| presents the execu-
tion time of tested applications under different local mem-
ory ratios. The execution time is normalized to that with
100% local memory. OneSidedMW demonstrates perfor-
mance comparable to Static-MR. Even with only 25% local
memory, it introduces merely up to 3.8% overhead, thanks to
its highly efficient memory (de)allocation operations, with-
out affecting memory access performance.

In contrast, RPC-MW(type-2) experiences up to 23.6%
performance degradation compared to Static-MR due to
its prolonged RPC-based memory (de)allocation operations.
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Figure 8: Normalized execution time, peak MN CPU usage
(lower is better), and MN memory utilization (higher is bet-
ter) under different workloads with 6 CN's accessing one MN.

Using type-1 MW can improve performance to a certain
extent, with RPC-MW(type-1) showing a maximum per-
formance overhead of 12.2% compared to Static-MR. This
improvement stems from two factors: (1) type-1 MW en-
ables the use of MW rebinding operations to reduce mem-
ory deallocation overhead and the number of MW oper-
ations, and (2) type-1 MW avoids the performance inter-
ference issues introduced by type-2 MW. However, using
type-1 MWs poses significant security risks as discussed
in §2.3] OneSidedMW outperforms RPC-MW(type-1) by
8.7% while providing stronger security guarantees. Com-
pared to RPC-MW(type-2), OneSidedMW delivers a sub-
stantial 19.7% performance improvement while maintaining
the same security guarantees.

ODRP exhibits the worst performance except for Fine-
MR(1 MB), because each memory access is implemented
through RNIC offloading, which introduces considerable la-
tency compared to one-sided RDMA (as detailed in §6.3).
Compared to ODRP, OneSidedMW delivers a significant
25.8% performance improvement. This demonstrates the ef-
ficiency of OneSidedMW's approach in balancing memory
management granularity with access performance.

MN CPU overhead. The second row of Figure [§ presents
the peak MN CPU usage for each baseline during applica-
tion execution. Both RPC-MW(type-1) and RPC-MW(type-
2) require the MN CPU to process memory (de)allocation
requests, with RPC-MW(type-1) able to mitigate some of
this overhead through MW rebinding. However, when CN
workloads are heavy, contention for the limited MN CPU
resources can significantly impact application performance
(see §6.2.2). Among all baselines, Fine-MR incurs the high-
est MN CPU usage due to the CPU-intensive MR registra-
tion, with Fine-MR(1 MB) exhibiting the worst performance.

On the other hand, ODRP and OneSidedMW bypass the
MN CPU during runtime thanks to their one-sided memory
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Figure 9: The impact of increasing the number of tasks run-
ning on 6 CNs on (a) execution time, (b) MN CPU usage,
and (c) MN memory utilization.

allocation. Static-MR also achieves near zero MN usage due
to its coarse-grained allocation.

Memory utilization. We measure memory efficiency by the
average MN memory utilization during application runtime,
which represents the ratio of actually used MN memory to al-
located MN memory. Static-MR achieves only 34% to 56%
MN memory utilization because of its coarse-grained mem-
ory management.

In contrast, OneSidedMW, RPC-MW(type-1), and RPC-
MW (type-2) achieve over 90% memory utilization in most
cases. They achieve 1.54x to 2.38x higher memory utiliza-
tion compared to Static-MR. This significant improvement
can be attributed to their finer-grained allocation granular-
ity. It is worth noting that using fine-grained MR registra-
tion (e.g., Fine-MR(1 MB) and Fine-MR(4 MB)) can also
improve memory utilization. However, this time-consuming
MR registration incurs significant performance overhead.
Specifically, Fine-MR(4 MB) is inferior to OneSidedMW in
terms of performance, memory utilization, and MN CPU
overhead. Fine-MR(1 MB) achieves memory utilization
comparable to OneSidedMW, but it incurs a substantial
34.5% performance overhead.

ODRP achieves ideal memory utilization (100%) because
its 4 KB allocation matches the swap granularity. However,
it incurs non-negligible performance overhead.

6.2.2 Scalability.

In this test, we analyze the scalability of OneSidedMW by
increasing the number of Kmeans tasks (the most swap-
intensive workload) and compare it to other baselines.

Figure [9 presents the normalized execution time (relative
to 1 task on Static-MR), MN CPU usage, and MN memory
utilization as the number of Kmeans tasks increases from 1 to
48 (8 tasks per CN). Each task uses a 2 GB working set and is
restricted to 50% local memory. Although RPC-MW(type-
1) and RPC-MW(type-2) achieve over 90% MN memory uti-
lization, they introduce 17.3% and 29.2% performance over-
head, respectively, compared to Static-MR when running 48
tasks. This occurs because high contention on the weak MN
CPU exacerbates the overhead of already time-consuming
RPC-based memory (de)allocation operations.

In contrast, OneSidedMW delivers 1.67x higher memory
utilization than Static-MR, incurring only a modest 6.3%
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Figure 10: Latency of (a) memory access and (b) allocation
operations in OneSidedMW and other baselines. OneSid-
edMW (+Sep) means that Management-Access QP Separa-
tion is enabled.

performance overhead. While ODRP achieves optimal mem-
ory utilization, OneSidedMW outperforms it by 32.3% in ex-
ecution time, while sustaining over 90% memory utilization.
Compared to RPC-MW(type-2), OneSidedMW achieves a
21.5% performance improvement, and compared to RPC-
MW (type-1), it delivers 10.4% better performance alongside
stronger security guarantees.

6.3 Factor Analysis

Memory access and allocation performance. We use a mi-
crobenchmark to evaluate the latency of memory access and
allocation operations in OneSidedMW and competing sys-
tems. We run either 1 or 24 worker threads on the CN, each
performing remote memory allocation and access, to sim-
ulate both low and high contention scenarios on the MN’s
resources (CPU or RNIC). Figure [10]illustrates the results.

Static-MR exhibits the best end-to-end performance be-
cause it involves minimal memory allocation requests during
runtime, and its memory access operation (one-sided RDMA
in Figure[T0[(a)) shows the lowest latency.

RPC-MW also adopts one-sided RDMA for memory ac-
cess, and the latency of its RPC-based memory allocation
(Figure @Kb)) is reasonable without contention. This ex-
plains why RPC-MW(type-1) and RPC-MW(type-2) do not
introduce substantial performance overhead when allocation
granularity is relatively coarse (e.g., 32 KB) in disaggregated
key-value stores or when local memory is limited to 50% in
swap-based systems. However, under high contention on the
weak MN CPU, the latency of RPC-based memory allocation
operations increases dramatically (170 ps with 24 threads),
resulting in unacceptable end-to-end performance overhead.

ODRP has comparable latency to OneSidedMW in mem-
ory allocation operations, i.e., ODRP AllocWrite in Fig-
ure[I0(b). However, its memory access latency increases sig-
nificantly compared to one-sided RDMA, especially when
RNIC resources are contended. As shown in Figure @ka),
ODRP exhibits 3.2x higher access latency with 24 threads
than one-sided RDMA. This explains why ODRP incurs
non-negligible end-to-end performance overhead.

In OneSidedMW, memory allocation operations incur just
10.7 us latency with 1 thread, and even under high contention
on the MN’s RNIC with 24 threads, the latency rises mod-
estly to 22.5 us—far less dramatic than the increase observed
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in RPC-MW. Moreover, OneSidedMW preserves the low-
latency benefits of one-sided RDMA for memory access,
outperforming ODRP. Together, these results account for
OneSidedMW'’s better performance and scalability.

The effect of OneSidedMW optimizations. To address the
limitations imposed by type-2 MWs, OneSidedMW intro-
duces two key optimizations: QP and MW Grouping QP and
MW Grouping, which mitigates performance interference
among requests targeting the same MW, and Management-
Access QP Separation, which reduces RNIC offloading over-
head. As illustrated in Figure[I0|a), enabling Management-
Access QP Separation (i.e., OneSidedMW (+Sep)) lowers
memory access latency by 10.6%, bringing it in line with
the latency observed without RNIC offloading. Note that QP
and MW Grouping is not evaluated in this microbenchmark,
as each thread accesses a distinct memory area.

To further quantify the impact of these optimizations on
end-to-end performance, we evaluate two additional base-
lines: one with Management-Access QP Separation dis-
abled, and another with both optimizations disabled. In
swap-based systems, enabling QP and MW Grouping re-
duces the average latency of synchronous swap requests by
24.3% during application execution, leading to up to 6.9%
improvement in overall performance by alleviating request
interference. Enabling Management-Access QP Separation
further improves end-to-end performance by up to 7.6% by
minimizing the overhead of RNIC offloading on regular one-
sided memory accesses.

7 DISCUSSIONS AND LIMITATIONS

Resource requirements on RNIC. The (de)allocation oper-
ations in OneSidedMW require additional RNIC resources,
which could potentially introduce overhead and affect mem-
ory access performance. However, our evaluation method-
ology already implicitly considers these resource demands.
The scalability experiments in § measure the perfor-
mance of OneSidedMW under scenarios where the MN’s
RNIC is fully saturated. Even in these conditions, OneSid-
edMW delivers performance comparable to Static-MR, and
consistently outperforms other fine-grained allocation base-
lines that are constrained by the limited MN CPU power.

Memory allocation primitives on RNIC. MWs supported
by current RNICs are well-suited for fine-grained memory
management, but they only allow binding from the local side.
Therefore, previous systems had to use RPCs and involve the
MN CPU for memory allocation. This limitation motivated
the design of OneSidedMW. We hope that future RNICs
will support native memory allocation primitives without re-
quiring the MN CPU. PRISM [13] has already explored the
hardware feasibility of such primitives and demonstrated that
they can benefit many other distributed storage systems.

Key access limitation. Our design only allows each mem-
ory chunk and its MW group to be accessed by one CN at a

time. As a result, in a disaggregated KVS, queries to a given
key can only originate from a single CN. We believe this
limitation can be addressed through key space partitioning,
which is employed by previous work [27] to avoid metadata
consistency overheads and achieve high scalability.

8 OTHER RELATED WORK

Disaggregated memory management. FineMem [48] is the
most related disaggregated memory management system and
was developed concurrently with OneSidedMW. FineMem
depends on a trusted allocation service running on each CN
to enforce memory isolation, and its design requires the use
of type-1 MWs. In contrast, OneSidedMW offers stronger
security guarantees and eliminates the need for MN CPU
involvement. Other systems [28, 21} 25| 20] leverage cus-
tomized hardware to provide efficient memory management.
However, these solutions depend on specialized hardware,
which comes with higher cost and inflexibility. In contrast,
OneSidedMW only relies on commodity RNICs.

CN runtime optimizations. An active line of research has
focused on developing high-performance CN runtime for
DM architecture 36} 115} 119, 132]. For example, Hermit [36]]
and Mage [35] speed up RDMA-based swapping by mov-
ing non-critical functions off the page-fault path. Atlas [15]
reduces I/O amplification and page-faults with a user-kernel
co-design. For disaggregated key-value stores, CHIME [32]
uses B+ trees and hopscotch hashing [22] for efficient index-
ing. However, these studies focus on CN runtime and do not
address efficient memory management on the MN, which is
the primary focus of OneSidedMW.

RNIC-offloading. Hyperloop [24] uses RNIC offloading
to speed up replicated transactions. RedN [37] shows that
RDMA is Turing-complete and demonstrates RNIC offload-
ing for simple tasks like hash lookups and list traversal.
However, these systems only offload basic RDMA opera-
tions (e.g., READ and WRITE). OneSidedMW is the first to
offload MW binding and unbinding to the RNIC, enabling
efficient memory allocation.

9 CONCLUSION

In this paper, we present OneSidedMW, a novel system that
combines RNIC offloading and memory windows to achieve
highly efficient and fine-grained one-sided memory manage-
ment primitives for disaggregated memory architecture.
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