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Abstract

Compute Express Link (CXL) DRAM has emerged as a
promising solution to address the capacity constraints of con-
ventional systems using DDR DRAM. By decoupling mem-
ory expansion from the DDR interface generation imposed
by the host CPU’s memory controller, CXL DRAM allows
cost-effective scaling of system memory capacity. However,
as memory capacity grows, memory management metadata
can become too large to fit entirely in DDR DRAM, neces-
sitating that part or all of it to be placed in CXL DRAM.
Moreover, since the OS views CXL DRAM as a CPU-less re-
mote node, the host CPU manages metadata in CXL DRAM,
thereby increasing metadata management latency. We find
that this overhead significantly reduces memory reclamation
efficiency and causes considerable increases in the tail la-
tency of latency-sensitive applications. In this work, we in-
vestigate the performance impact of metadata placement in
CXL DRAM and propose MAC, a near-memory processing
(NMP) solution that accelerates memory-intensive compo-
nents of metadata management directly within CXL DRAM
to improve memory reclamation efficiency. Compared to
conventional OS-based memory reclamation, MAC reduces
application tail latency by up to 98%.

1 Introduction

CXL DRAM has emerged as a promising solution to ad-
dress the memory capacity limitations of applications whose
datasets exceed available memory, such as large-scale an-
alytics and database workloads [58, 7, 61]. The CXL in-
terface enables significantly larger memory capacity with
fewer platform-level constraints compared to traditional DDR
DIMMs. Although CXL DRAM has approximately 2.4x
higher access latency than DDR DRAM [34, 80], it offers
substantial scalability benefits. Servers can overcome the
traditional ‘memory capacity wall’ and provision memory
at a lower cost. Furthermore, by equipping servers with
CXL DRAM, memory provisioning costs for the servers can
be reduced by more than half compared to DDR DRAM-
based systems with equivalent total capacity—for example,

in configurations where the DDR-to-CXL DRAM ratio is
1:4 19, 60, 59, 18].

However, such servers introduce new challenges in mem-
ory management. The operating system (OS) maintains a
page descriptor [49] for each physical memory frame to keep
track of the state of each page (where a “page” refers to a log-
ical unit that is mapped to a physical frame in virtual memory
systems), including metrics such as the recency of access and
the reference count. The OS also uses the Xarray data struc-
ture [52] to index file-backed pages in the page cache [84].
The size of these metadata structures scales proportionally as
a function of total system memory and file sizes, and may
become too large to fit entirely in DDR DRAM of a server,
which provides low latency but limited capacity under cost
constraints. For example, in a server with a DDR DRAM
to CXL DRAM capacity ratio of 1:4, the total size of mem-
ory management metadata can reach up to 24% of the DDR
DRAM capacity. If the ratio increases to 1:8, this capacity
overhead can approach 40%.

When these metadata structures spill over into slow CXL
DRAM due to insufficient space in DDR DRAM, we uncover
a deterioration in the rate of memory reclamation, which de-
grades application performance. Specifically, modern oper-
ating systems rely on a background memory reclaimer (e.g.,
kswapd [38] in Linux) to free pages under memory pres-
sure. However, when the background memory reclaimer
has to access metadata in slow CXL. DRAM, it cannot free
pages quickly enough. This forces user applications to trig-
ger a foreground memory reclaimer. Because the foreground
memory reclaimer lies on the critical path of application
I/0O [68, 54, 82, 83], its accesses to slow CXL DRAM sig-
nificantly increase the tail latency of applications.

To observe the impact on foreground reclamation on appli-
cation tail latency, we conducted experiments where the la-
tency of metadata access—specifically for Xarray and page
descriptors—was modulated during both background and
foreground memory reclamation. When metadata access la-
tency increased by approximately 2.4x, we observed that the
99.99™_percentile (p99.99) tail latencies increased by about
2.7x, primarily due to a 6.5x increase in the number of di-
rect reclamation events on the critical path of application
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execution. These findings suggest that placing metadata in
high-latency CXL DRAM can severely deteriorate applica-
tion responsiveness—especially for latency-sensitive work-
loads that demand tail latency guarantees within just a few
milliseconds (e.g., 1-10 ms at p99.99 [75, 31, 78, 1, 90]).

To address these challenges, we propose MAC (Memory
Reclamation Acceleration for CXL), a near-memory process-
ing (NMP)-based memory reclamation acceleration solution
designed for systems deploying large-capacity CXL DRAM
in this paper. Specifically, we make the following key con-
tributions.

Contribution-1: Uncovering the capacity and perfor-
mance bottlenecks of kernel metadata in CXL memory
systems. We uncover that metadata structures—such as page
descriptors and Xarray nodes—can impose significant over-
head on both memory capacity and application performance.
We further show that their simple and repetitive access pat-
terns make them well-suited for offloading to near-memory
processing units within modern CXL devices in big-data sys-
tems.

Contribution-2: Co-designing OS and hardware for
memory reclamation acceleration. MAC accelerates
memory reclamation by offloading two main operations in
the page reclaim path to an NMP accelerator within CXL
DRAM: the traversal of victim page descriptors and Xarray
walk. To enable efficient access, metadata is placed di-
rectly in CXL DRAM, which shares the same physical ad-
dress space as the host CPU. MAC leverages the Linux ker-
nel’s direct address mapping mechanism [44] to allow the
NMP accelerator to access metadata without the need for host
CPU’s involvement or additional address mapping tables, en-
abling fast metadata traversal. Furthermore, MAC places a
host-accessible shared buffer inside the CXL DRAM region,
enabling low-latency communication between the host CPU
and the accelerator, thereby minimizing data transfer over-
head.

For each offloading request, the CPU first compiles a batch
of operations and writes the arguments to the shared mem-
ory buffer. The CPU then issues a MMIO [36] write to the
NMP, upon which the NMP will fetch the arguments asyn-
chronously with CXL.cache requests. Upon receiving the in-
put arguments, the NMP processes the batch with multiple
operation units. Each operation unit fetches the data with
CXL.cache link, processes it with its internal state machine,
and repeats until reaching the result. Finally, the NMP writes
the returned data to the shared buffer and signal the CPU for
completion.

Contribution-3: Prototyping MAC with a commercial
CXL device for a demonstration. MAC was prototyped
with an Intel Agilex 7 I-series FPGA [24] to accelerate re-
quests offloaded from the host CPU. Since current com-
modity hardware does not support the FPGA-initiated fast
cache invalidation feature (BIsnp'), which is needed for fast

'In the host-biased mode [5] supported by the current commodity

coherency between FPGA-modified data and the host CPU
cache, we replace the Blsnp feature with a CXL.cache op-
eration that performs coherent write to CXL memory. In
this mode, memory requests are always sent to the host
CPU’s root complex for coherence processing and perform
any cache invalidation if necessary. We anticipate that per-
formance will remain similar once Blsnp is supported in fu-
ture generations of CPUs.

2 Background

2.1 CXL DRAM

Compute Express Link (CXL) [8] is a cache-coherent inter-
connect protocol built upon the PCI Express (PCle) interface.
CXL-attached memory, such as DDR DRAM, operates over
this interface and leverages the physical and electrical charac-
teristics of PCle. Recent high-capacity, high-bandwidth CXL
DRAM modules typically occupy a full PCle x16 slot and
can support large memory capacities—for example, up to 4
TiB per device [77, 10, 76].

To communicate with such memory devices, the host CPU
must support the CXL protocol stack [70]. Modern server-
class processors, such as Intel 6'-generation Xeon Scalable
Processor [25], provide native support for CXL 2.0 and allo-
cate a portion of their PCle lanes accordingly. For instance,
a single-socket server offers up to 64 CXL lanes out of 136
total PCle lanes, supporting data transfer rates up to 32 GT/s
per lane [23].

One notable advantage of CXL DRAM modules is that
they decouple memory technologies from the host CPU’s in-
tegrated memory controller [80, 4, 72, 29]. Since the DRAM
interface is internal to the CXL device itself, the memory type
(e.g., DDR4, DDRS) is no longer constrained by what the
CPU natively supports. This abstraction enables greater flex-
ibility in memory configurations and allows vendors to in-
tegrate cost-effective or higher-density DRAM technologies
regardless of CPU generations.

Consequently, systems can provision larger memory pools
at lower cost by relying more heavily on CXL DRAM, rather
than expanding DDR DRAM through conventional DIMM
slots. Due to these advantages, hyperscalers can reduce
server memory costs by more than 50%, when using CXL
DRAM based on recycled DIMMs from retired servers, com-
pared to DIMM-only configurations for the same memory ca-
pacity [9, 60, 59, 18].
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Figure 1: Page reclamation and metadata access.

2.2 Linux Memory Management

Modern Linux manages physical memory by dividing it into
fixed-size page frames, typically 4 KiB in size. In Linux,
the page cache subsystem associates each page frame with
a corresponding 64-byte page descriptor [49], which main-
tains metadata such as access frequency, mapping informa-
tion, and file-related properties. These descriptors are used
by the Linux kernel to track page status during accesses and
evictions. The total memory footprint of page descriptors
is 1.6% of the system’s physical memory, assuming 4 KiB
pages and a 64-byte descriptor size, and must reside in sys-
tem memory to ensure fast lookup and updates.

When an application performs file I/O operations with off-
set within a given file, the accessed file data are loaded into
memory, and the kernel instantiates page descriptors for each
4 KB chunk of that file. To efficiently locate a page descriptor
within the page cache using a file offset, Linux employs the
Xarray data structure [52] as an index. Each file is associ-
ated with its own Xarray, and each Xarray node is 584 bytes,
containing up to 64 entries that point to page descriptors. As
the size of the file-backed memory working set grows, and as
system memory scales up, the aggregate size of the Xarray
nodes increases accordingly. These metadata structures are
heavily accessed during memory reclamation.

When the host CPU runs data-intensive workloads, high
memory demands can increase memory pressure. This
causes the number of free pages to drop below the high-
watermark threshold, prompting the Linux kernel to initi-
ate page reclamation and free memory. To manage this pro-
cess, the kernel spawns a kernel thread (kswapd) per NUMA
node [48], with each thread bound to a dedicated CPU core
to perform background reclamation. However, in scenar-
ios where applications perform I/O operations across tens of

FPGA, when the FPGA needs to modify the data in its attached CXL DRAM,
it must send the memory request to the host CPU’s root complex for coher-
ence processing, relying on the host CPU to access the CXL DRAM. This
involvement of the host CPU leads to sub-optimal performance.

CPU cores, the rate of memory allocation can outpace that of
memory reclamation. Once free pages drop below the low-
watermark threshold during execution of an application, the
CPU core suspends its application process to carry out page
reclamation, which is known as foreground reclamation [47].

Figure 1 illustrates how each type of metadata is accessed
under both background and foreground reclamation scenar-
ios. For example, when an application attempts to read file
data (), the kernel first checks whether the corresponding
data page resides in the page cache (). If the page exists
(cache hit), it is returned directly to the application ((3)); oth-
erwise (cache miss), a free page is allocated (@). If the sys-
tem’s free page count exceeds the low watermark, the newly
allocated page is inserted into the page cache ((3), and disk
/0 is performed to fetch the data (). Conversely, when
the allocation step (@) observes the free page count below
the low watermark, memory reclamation runs in the appli-
cation thread context (foreground reclamation). First, candi-
date pages are isolated from the system’s page list (e.g., LRU
list) ((@). Next, each page descriptor is inspected to evalu-
ate its eviction suitability—verifying attributes such as va-
lidity, clean/dirty state, recency of access, reference count
status, and other relevant flags (®). The kernel then tra-
verses the Xarray structure down to the leaf node to remove
the corresponding page index within the file from the page
cache ((c))—for example, invalidating the pointer in slot[1]
of nodes, as shown in the Figure 1. To invalidate the pointer,
the kernel stores a special shadow value [57] into the Xarray
slot[1]. This action invalidates the original pointer and means
that the corresponding page is no longer present in the page
cache. In a single reclamation cycle ((@)-(c)), this process
is repeated tens to hundreds of times depending on memory
pressure.

In contrast, background reclamation is handled by the ker-
nel thread kswapd, which is triggered under memory pres-
sure. This thread executes a loop: as long as the free page
count remains below the high watermark (@), it repeat-
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edly performs the reclamation process ((2)-(¢)) and maintains
memory state (e.g., managing LRU lists and free/used page
statistics) (@).

3 Impact of Deploying
Capacity CXL DRAM

Large-

In this section, we examine the impact of deploying large-
capacity CXL DRAM on system performance, focusing on
the capacity and performance overheads of managing kernel
metadata. We show that metadata placement in CXL DRAM
can significantly affect both memory utilization and the effi-
ciency of memory reclamation.

3.1 Overhead of Managing Metadata in CXL-
Enabled Memory Systems

Capacity overhead. In large-memory systems, the metadata
for memory management can occupy a substantial portion of
the physical memory, making it expensive to keep entirely
within the host DDR DRAM. Consider a workload access-
ing a single 1.8 TiB file on a system with 120 GiB mem-
ory. Accessing the entire file requires indexing up to 483
million pages (1.8 TiB / 4 KiB), which, given 64 entries per
Xarray node, corresponds to a maximum of 7.5 million leaf
nodes and an Xarray footprint of approximately 4.1 GiB (=
7.5 millions X 584 B), assuming sufficient memory to hold
the entire Xarray. Furthermore, because each file maintains
its own Xarray comprising both internal and leaf nodes, the
total Xarray footprint grows with the number of files. Simi-
larly, the page descriptor consumes around 2 GiB of memory
space (= 120 GiB / 4 KiB x 64 B per descriptor).

For example, in our evaluation using the YCSB
RocksDB [71] read-intensive workload [88] with a 1.8 TiB
database and 120 GiB system memory comprised of 24 GiB
DDR DRAM and real 96 GiB CXL DRAM, the Xarray
metadata footprint reached 3.7 GiB. In total, metadata,
including 2 GiB for page descriptors and 3.7 GiB for Xarray
nodes, consumed approximately 5.7 GiB of system memory.
Similarly, under a PostgreSQL [65] TPC-B workload [64]
with a 1 TiB dataset, the Xarray metadata was 3.3 GiB and
page descriptors accounted for 2 GiB, collectively occupying
around 5.3 GiB of the 120 GiB memory.

The problem is, in environments where the capacity of
DDR DRAM is relatively smaller than the CXL DRAM, such
metadata is too large to be fully stored within CXL DRAM. If
CXL DRAM capacity is four times that of the DDR DRAM
capacity, the total size of metadata can consume 24% of the
DDR DRAM capacity (=2 GiB +3.7GiB) /(120 GiB/5). As
the proportion of CXL DRAM increases, the relative share
of metadata within DDR DRAM also grows. For instance, if
CXL DRAM is eight times larger than DDR DRAM, meta-
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Figure 2: Impact of metadata access slowdown on appli-
cation performance: (a) tail latency of application and (b)
foreground reclamation frequency when running RocksDB
with YCSB, 10M Read Ops with 100 threads, 1.8 TiB DB,
120 GiB DDR DRAM, and 32 CPU cores.

data alone can occupy approximately 40% of DDR DRAM
capacity.

To avoid excessive consumption of DDR DRAM by
page descriptors when installing memory devices like CXL
DRAM, recent Linux kernels support placing these descrip-
tors on the device itself [42]. Additionally, when allocating
Xarray nodes, the kernel employs a fallback mechanism [43]:
if no DDR DRAM is available, the allocation automatically
shifts to CXL DRAM, preventing contention with application
data in DDR DRAM and potential Out-Of-Memory (OOM)
events.

Performance cost. Placing metadata in CXL DRAM, nev-
ertheless, can adversely impacts the performance of latency-
sensitive applications. The page reclamation process tra-
verses the Xarray and page descriptors repeatedly to remove
tens or even hundreds of pages depending on the degree of
memory pressure (as shown in the ®-(©) of the Figure 1).
Each time, the host CPU must access metadata residing in
CXL DRAM, incurring the extra latency associated with re-
mote memory accesses.

When the efficiency of metadata access by the Linux ker-
nel’s background memory reclaimer (kswapd) is reduced
due to slow remote memory accesses, the memory reclama-
tion rate declines. This, in turn, forces applications to per-
form foreground reclamation directly, which can increase ap-
plication’s tail latency considerably. To observe the effect of
metadata access latency on application tail latency, we inten-
tionally introduced delays in accessing metadata structures
(specifically, the Xarray and page descriptors) during back-
ground reclamation. As shown in Figure 2(a), when meta-
data access latency increases by 2.4x, the 99.9" and 99.99th-
percentile (p99.9 and p99.99) latencies increase by approxi-
mately 2.6x and 2.8, respectively. The underlying reason,
as shown in the Figure 2(b), is that the frequency of fore-
ground reclamation, which lies on the critical path of the
application I/0O, increases by 6.5x. This demonstrates that
placing memory metadata in CXL DRAM can substantially
degrade application performance. Considering that latency-
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Figure 3: Impact of Xarray management on (a) per-node
memory capacity, (b) kswapd performance, and (c) applica-
tion performance overheads in a system equipped with large
capacity CXL DRAM.

sensitive hyperscale applications often require p99.99 read
latencies within just a few milliseconds [75, 31, 78, 1, 90],
the observed slowdown can pose a significant challenge.

To verify the occurrence of metadata placement in CXL
DRAM and the resulting tail-latency effects, we evaluated
YCSB workload on RocksDB under realistic application con-
ditions. As shown in Figure 3(a), at the start of execution
(up to 400 thousand operations), the kernel allocates Xarray
nodes in DDR DRAM to enable fast metadata access. How-
ever, as the free pages in DDR DRAM runs out, Xarray
nodes begin to compete with application data for the free
pages, causing them to spill over into CXL DRAM. During
the later stages of execution, most Xarray nodes end up re-
siding in CXL DRAM. This makes kswapd access remote
memory while traversing the Xarray, the effect of which is
shown in Figure 3(b). As a result, the Xarray access latency
significantly increases. Furthermore, because page descrip-
tors are also placed in CXL DRAM, page test time increases
by 2.2x. Overall, these effects reduce kswapd ’s page recla-
mation efficiency by 42%. This, in turn, triggers foreground
reclamation, which causes the application to experience fre-
quent tail latency spikes, as depicted in Figure 2(a).

Figure 3(c) presents a breakdown of I/O overhead for appli-
cation threads experiencing foreground reclamation. In sys-
tems using both DDR DRAM and CXL DRAM, page de-
scriptor traversal overhead (page_ test in Figure 3(c)) dur-
ing direct reclamation is 3.6x higher than in all-DDR sys-
tems, and Xarray traversal overhead (xarray__mgmt in Fig-
ure 3(c)) is 3.9x higher. These differences exceed the 2.4x
higher access latency of CXL DRAM compared to DDR
DRAM, indicating a deeper inefficiency in page reclama-
tion. One main reason is that I/O operations often request
data sizes larger than the 4 KiB page, which requires allo-
cating multiple pages. Each page allocation (4 in the Fig-

ure 1) triggers a foreground reclamation if free pages are un-
available, substantially increasing I/O latency. Furthermore,
these reclamation events consume the CPU core for long pe-
riods, allowing other threads to preempt the offending core
via scheduling [56, 50], which causes additional long latency
spikes (sched in Figure 3(c)). As a result, Figure 3(c) shows
that systems with CXL DRAM exhibit 2.8x more extreme
latency spikes compared to those using DDR DRAM alone.

3.2 Suitability of Offloading Kernel Metadata
Management to CXL DRAM

The kernel’s page reclamation process involves simple yet
repetitive operations. First, as shown in ® of Figure 1, during
page descriptor traversal, the kernel iteratively evaluates each
victim page descriptor’s flag bits (e.g., valid, referenced, ac-
tive, clean bits) using basic bitmask operations to determine
whether pages are eligible for reclamation. Likewise, during
Xarray traversal—as shown in (c) of Figure 1—the kernel
descends from the Xarray head to a leaf node and replaces
the pointer to the page descriptor in the target slot with a spe-
cific long integer “shadow [57]” value. This descent pro-
cess uses simple arithmetic: based on the page offset in the
file, the kernel selects the target slot (slot[0] of the nodeq in
the Figure 1) in the current node’s slot array and computes
the next node’s virtual address via pointer subtraction and
shift. Overall, these operations are composed of basic bit-
mask checks, arithmetic, and shift operations. These opera-
tions are repeated for each batch multiple pages (at least 32),
which constitutes the minimum unit of a single kernel’s page
reclamation cycle.

Moreover, both page descriptors and Xarray structures
reside within the kernel’s direct-mapped virtual address
space [44]. Consequently, translating a kernel virtual address
to its corresponding physical address requires no page table
walk and can be accomplished using a simple arithmetic op-
eration (e.g., viathe __ pa() [39] macro). This lightweight
translation enables an in-DRAM accelerator attached to CXL
DRAM to efficiently access and process metadata without ad-
ditional mapping logic. Since a single instance of kswapd
handles each memory node (both DDR DRAM and CXL
DRAM) reclamation, the compute resources provided by
modern CXL DRAM controllers (e.g., 16-core Arm proces-
sors [73]) are sufficient to effectively manage these tasks.

Additionally, for pages that require extra work beyond the
Xarray walk, we can significantly reduce page-reclamation
time by letting the host CPU process those tasks in parallel.
For instance, file-backed pages mapped via mmap must be
unmapped from user PTEs before reclaim; the kernel per-
forms this via reverse mapping (rmap [37]). Since rmap
unmapping is control-flow—heavy and can proceed in paral-
lel with the Xarray walk, the host CPU can execute it con-
currently with the CXL DRAM-side walk to improve overall
reclamation efficiency.
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o
4 Design

4.1 Overview

To ensure stable performance for latency-sensitive applica-
tions through efficient and swift memory reclamation, we
propose Metadata Acceleration in CXL DRAM (MAC). By
offloading metadata processing during page reclamation into
CXL DRAM, MAC enables rapid memory recovery and ef-
fectively eliminates frequent, long tail-latency events.

As shown in the Figure 4, the MAC system enables both
applications and the kswapd —the primary triggers of page
reclamation—to offload metadata processing (page descrip-
tor traversal and Xarray walks) to CXL DRAM. Accelerators
in CXL DRAM then perform near-data processing (NMP) to
manage metadata efficiently. The offloading workflow con-
sists of two stages: (1) metadata information (including tar-
get page descriptors and head pointers of the Xarrays) is
delivered to CXL. DRAM, and (2) the accelerators traverse
the metadata in parallel and execute the necessary opera-
tions. In the MAC system, both page descriptors and Xarray
metadata are intentionally allocated to the capacity-rich, low-
contention CXL DRAM rather than the more limited DDR
DRAM. This placement enables the accelerators to access
metadata within CXL DRAM at high speed and with low con-
tention, greatly enhancing metadata-processing efficiency.
This design aligns with recent kernel mechanisms [42] that
enable metadata placement directly into CXL DRAM, reduc-
ing DDR DRAM pressure.

4.2 Metadata Acceleration Launch in CXL
DRAM

To offload metadata access operations in page reclamation
(traversing page descriptors to identify reclaimable pages and
traversing Xarray to remove pages from the page cache),
each task must support NMP launch capability. The host
must deliver metadata information such as pointer addresses
to target page descriptors and Xarray structures. This deliv-
ery must be lightweight and efficient.

One could modify the CXL.mem protocol to encode this
data directly, but doing so would require hardware modifi-
cations to commodity CPU processors—an impractical ap-
proach in general-purpose environments [17, 69]. Instead,

/ mov [0x12345], r1 (0x12345: virtual address of start of MAC},y) \
ri: | 1 [ 0 [ 1024 ] 32 [ o |
\ X

X I )
Y Y Y Y
operation core ID buffer size taget pages  padding
.
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0: page traversal forthe core o process (ignored)
1: Xarray walk (e.g., 32)

MAC ,4:| Send CXL.mem packet |phy addr: 0x54321, Data: (op=1, 32, 1024)|

-

packet filter 5 "
s = 5 page pointer array, =
s MAC,y region core ID = g Xarray heads, .. %
o o |2 3
o 0x54321 - 0x54721 | 0 : 8 1024-bytes for core0 g
= = & . &
o O ©
. DRAM J

Figure 5: NMP launch process in the MAC system (the vir-
tual address 0x12345 of MACy,s corresponds to the physical
address 0x54321 and is translated by the host.).

we introduce a memory-mapped [17] based command mech-
anism (MAC.nq) and a shared buffer (MACyy¢) for communica-
tion.

First, private memory in the CXL DRAM (MACyys in the
Figure 5) is reserved to deliver NMP information. The
MACy,¢ contains the information required by the accelerators
to perform NMP operations within CXL DRAM. The in-
formation includes head addresses of Xarray structures to
be walked, file page indices targeted for removal from the
Xarray, shadow values to be stored in the Xarray, and ar-
rays of addresses to page descriptors. As shown in Figure 5,
MACyys allocates a dedicated work buffer per host CPU core
at system boot.

Second, each host core issues MACcyq —a memory-
mapped command using the standard CXL.mem protocol—
to initiate NMP. As shown in Figure 5, we pre-register the
work-buffer address ranges of each host core (MACy,f regions)
in a packet filter. Whenever NMP is needed, the host core
writes its MAC.yg to CXL DRAM. The MAC.q iS not a new
CXL protocol—it is simply a standard memory write opera-
tion using the existing CXL.mem request. The packet filter
recognizes the memory writes within the registered address
range as NMP commands, parses the command, and trig-
gers metadata processing with the accelerator. The MAC.nq
encodes the type of operation (whether traversal of page
descriptors or the Xarrays), the requesting host core’s 1D,
and the size of the MACy,s containing data required for the
NMP. Although multiple processes (e.g., application threads,
kswapds) may be scheduled per CPU core on the host, Linux
disables core preemption during page reclamation. As a re-
sult, the process that initiates the NMP remains bound to a
single core until reclamation completes. Consequently, allo-
cating one MACy,¢ per core (rather than per process) is suffi-
cient to support all concurrent reclamation activities.
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Figure 6: An operational overview of MAC.

4.3 Metadata Acceleration (MAC) in Action

When page reclamation occurs on the host—whether trig-
gered by foreground or background activity—our design
leverages near-data processing (NMP) in CXL DRAM to ac-
celerate the process. Figure 6 illustrates the communication
and acceleration between the host CPU and CXL DRAM un-
der each reclamation scenario.

Background reclamation acceleration . Each memory
node (e.g., host node and CXL DRAM node) runs a dedi-
cated kswapd thread that continuously monitors system free
memory and triggers page reclamation when free space drops
below the high-watermark ((@ in Figure 6). At this point,
kswapd first isolates a subset of candidate page pointers (e.g.,
32 entries) from a page-pointer list (such as the LRU list)
(@). Next, kswapd acquires locks on these pages (@), col-
lects their physical addresses into an array, delivers it into the
CXL DRAM buffer MACyy¢, and issues a MAC.nq (€). Accel-
erators within CXL DRAM then access each page descrip-
tor via the supplied addresses and inspect their flags across
all pages (@). During this inspection, pages are classified
into reclaimable (clean file pages) and non-reclaimable (e.g.,
dirty, invalid, active, or recently referenced). Once the accel-
eration completes, the host CPU retrieves the results into host
memory via memcpy (@). It then proceeds to evict the re-
claimable pages from the page cache by first holding locks on
the relevant Xarray structures (@). The CPU constructs an
array of pairs containing each Xarray ’s head pointer and the
target page index (@), delivers these into MACy,¢, and issues
another MAC.mq (@). The accelerator uses this information to
traverse each Xarray and invalidate the specified pages, re-
peating the process for the entire set of pages to be removed
(@). Finally, once all invalidations have been performed, the
host CPU releases all Xarray locks and updates memory and

Xarray statistics ({D-@).
Foreground reclamation acceleration . Foreground recla-

mation is triggered during an application’s I/O when free
pages drops below the low-watermark. As illustrated in Fig-
ure 6, during I/O an application thread may allocate new
pages from the kernel ((@—(c)). If the number of free pages
falls below the low-watermark, the page reclamation routine
(@@ ) is repeatedly invoked in the kernel. Moreover, when
an application allocates multiple pages—such as for I/O units
larger than 4 KiB—the page reclamation routine (@—@) may
be invoked repeatedly for each individual page allocation at-

tempt ((©)).

4.4 Metadata Synchronization between Host
and CXL DRAM

Xarray updates on page insertions and evictions modify
internal nodes, requiring synchronization between the host
CPU cache and CXL DRAM. For example, when a new page
is inserted ((® in Figure 1), the node data in the Xarray is
updated to point to the newly inserted page (e.g., slot[50] of
nodey in Figure 1). To ensure accelerators in CXL DRAM
observe up-to-date Xarray content, the host issues clwb to
write back the modified cacheline, which costs about 30 ns in
our experiments®. In contrast, when a page is evicted from the
page cache ((c) in Figure 1) by the CXL DRAM, the pointer to
that page must be invalidated (e.g., slot[1] of nodes in Fig-
ure 1). This requires invalidating the corresponding cache-
line in the host CPU cache. Starting with CXL 3.x, the mem-
ory device supports an invalidate protocol (Blsnp [6]) that
allows the device to trigger cacheline invalidation directly,
and this is expected to incur a latency of around 500 ns?

Accordingly, we integrated a delay model into the MAC
system, which enforces that either a clwb instruction or the
Blsnp protocol is invoked after the Xarray is updated by the
host CPU, in order to guarantee data consistency between the
host CPU and CXL DRAM.

However, if such synchronization occurs too frequently,
it may degrade application performance. To assess this, we
measured clwb/Blsnp rates in practice by counting Xarray-
node modifications during insertions and evictions while run-
ning RocksDB with YCSB. First, we measured the number
of clwb instructions issued per query and the corresponding
overhead. As shown in Figure 7(a), the number of clwb op-
erations is high during the early phase of the workload due to
the creation of Xarray structures, as almost internal and leaf
nodes are allocated at this stage. Over time, however, the
number stabilizes to about 1-3 clwb instructions per query.
This corresponds to the insertion of 1-3 pages fetched from
SSD due to cache misses, each of which requires updating

2Because newly inserted pages are excluded from reclamation—and are
therefore untouched during Xarray walks in CXL DRAM—we use asyn-
chronous clwb rather than a synchronous clwb

3Since no commodity device-biased CXL product provides cache co-
herency today, we estimated BIsnp overhead using host-biased mode: on
our Intel Agilex 7 FPGA, a single host—device coherence handshake mea-
sured about 500 ns.
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the slot array in a leaf node of the Xarray. The overhead of
these operations is relatively small: as shown in Figure 7(b),
two Xarray operations incur 60 ns (2 X 30 ns) on average,
accounting for only 0.06% of the overall query lifetime.

Second, in the case of page deletions, each reclaimed page
requires a single cacheline back invalidation. Since pages are
reclaimed in batches of 32, the accelerators in CXL DRAM
perform 32 Xarray walks via NMP, which takes approxi-
mately 12.8 (0.4 us X 32) us on average as shown in Fig-
ure 8(a). If Blsnp operations are performed serially after
each Xarray walk, they introduce an additional overhead
of 16 us (0.5 us X 32), which is longer than the Xarray
walks. We address this Blsnp-induced overhead using the
techniques described in the following section 4.5.

On the other hand, for page-descriptor traversal, the small
subset of descriptors that participate in reclamation (e.g., 32
pages) are not modified by the CXL DRAM; thus no back-
invalidation is required. Furthermore, clwb is required only
at step @ in Figure 6. Issuing clwb in batches (e.g., for 32
pages) pipelines the writebacks asynchronously, and because
victim pages are unlikely to have been recently accessed—
and thus rarely reside in the CPU cache—the overhead is neg-
ligible.

4.5 Cooperative Parallel Page Reclamation

Parallel processing within CXL DRAM . Unlike the read-

1 by CXL DRAM
by Host
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Figure 9: Cooperative page reclamation between Host CPU
and CXL DRAM.

only descriptor traversal, when offloading Xarray walk, the
kernel must write a “shadow” value into the leaf slot of the
Xarray (e.g., slot[1] of nodes in Figure 1). This write re-
quires maintaining coherence between host CPU caches and
CXL DRAM. Since one shadow is stored per Xarray walk,
on average, a single host CPU cacheline must be invalidated
via Back Invalidation Snoop message (BIsnp [6]). If Blsnp
messages are sent serially for each Xarray walk, their over-
head can decrease page reclamation efficiency. To hide this
Blsnp overhead, we parallelize the process: as shown in Fig-
ure 8(a), the CXL DRAM accelerator and controller perform
Xarray walk and the back-invalidation (BIsnplnv in the Fig-
ure 8(a)) concurrently.

Moreover, by exploiting accelerator parallelism, we fur-

ther reduce total Xarray walk time. Because no structural
changes (node allocation or deallocation in the Xarray) oc-
cur during the walk, we can process multiple traversals in
parallel—up to the number of accelerators or ARM cores,
as in Figure 8(b). After batching the Xarray walks, the de-
vice issues Blsnp invalidations; these transactions can be
pipelined, allowing multiple invalidations to be in flight and
overlapping the 500 ns coherence-handshake latency. In ad-
dition, CXL 3.x provides block invalidation (BIsnpInvBlks)
that covers up to four consecutive cache lines per message,
reducing the number of protocol messages by up to 4x. How-
ever, when multiple accelerators execute tasks in parallel,
the controller must track each accelerator’s completion sta-
tus, because accelerators finish at different times and there
are atomically updated shared variables for each accelera-
tor (e.g., the number of accelerators completed). To enable
this, shared variables are maintained between the controller
and the accelerators to monitor task progress and ensure syn-
chronization. The overhead of this execution and data syn-
chronization introduces an additional delay of approximately
1 us; consequently, as shown in Figure 8(b), executing 16
Xarray walks takes about 2-3 us. As a result, as shown in
Figure 8(b), parallelism enables a further 55% reduction in
Xarray walk overhead.
Cooperation between host and CXL DRAM . When the
host CPU offloads Xarray walks to CXL DRAM, it must
hold the corresponding Xarray locks (as illustrated in @ of
Figure 6) and prohibit CPU preemption until the offloaded
operation completes to prevent deadlocks on the held Xarray
locks. We exploit this idle interval by parallelizing reclama-
tion: CXL DRAM performs metadata traversals while the
host executes the remaining steps.
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Figure 10: MAC emulation environment.

Table 1: Emulation system configurations.

Component Specification

(0N Ubuntu 24.04.1 LTS (Linux kernel v6.14)

Storage Enterprise NVMe SSD 8 TiB and 4 TiB

CPU Intel Xeon 6710E (2 CPU sockets, each
with 64 cores and 96 MiB LLC per CPU)

Socket 0 2 x 32 GiB DDR5-6400

Socket 1 (2, 4, or 8) x 32 GiB DDR5-6400

Local / remote memory access 118 ns /270 ns

As shown in Figure 9, once page descriptors have been tra-
versed, pages are classified as clean, dirty, or mapped. Clean
pages can be immediately removed from the page cache,
whereas mapped pages must first be unmapped from page
tables before eviction. Dirty pages require a writeback op-
eration before they can be reclaimed. Because writeback in-
curs costly I/O (via the block layer and device drivers), the
kernel prioritizes reclaiming clean pages [81, 2, 50]; never-
theless, under write-excessive workloads (e.g., almost of the
pages are dirty), dirty pages can still be reclaimed. To maxi-
mize parallelism and hide unmap/writeback costs, we employ
a classification-based scheme: while CXL DRAM walks the
Xarray, the host CPU concurrently either unmaps mapped
pages or initiates writeback for dirty pages, and updates mem-
ory and Xarray statistics, as shown in Figure 9.

5 Evaluation

5.1 Setup

We evaluate the effectiveness of our MAC system through
two complementary implementations. First, we built a
software-based emulation using a dual-NUMA-node server
to model CXL-attached NMP behavior. Second, we devel-
oped a hardware prototype on FPGA to demonstrate perfor-
mance gains from accelerations. Our evaluation focuses on
comparing tail-latency and analysis, with real-world datacen-
ter workloads.

Emulated MAC system. We integrate MAC into Linux ker-
nel 6.14; configuration parameters are in Table 1. As shown
in Figure 10, the application and kswapd execute on NODEQ
(64 cores), whereas NODEI1 emulates a CXL device with 33

cores (one controller and 32 accelerators). To enable meta-
data processing within CXL. DRAM, we allocate NODE1’s
page-descriptor array via memory hotplug [45] and place
Xarray-related slabs on NODE1 using NUMA-controlled al-
location [11]. As shown in Figure 10, an offloader lets the
application or kswapd on NODEO send NMP information
to NODEI via memcpy. We implement a Blsnp model to
emulate protocol behavior and delay for coherence during
metadata updates. Finally, to minimize cache effects in the
emulation environment, we maintained the LLC cache size
of NODEO at 96 MiB and restricted the LLC cache size of
NODEI to the minimum allocatable unit of 8 MiB using In-
tel Cache Allocation Technology (Intel CAT) [26].
Evaluated systems. The evaluated systems are as follows:

* Baseline: Our baseline is the patched Linux 6.14 kernel
that optimizes reclaim cycles and reduces tail latency [74].
Xarray nodes are preferentially allocated in CPU-local
DDR DRAM, and fall back to CXL DRAM under memory
pressure; page descriptors are split by node—NODEQ in
NODEO DRAM, NODE1 in NODE1 DRAM. This place-
ment is a practical approach that efficiently leverages meta-
data locality and capacity in CXL DRAM systems.

¢ Baseline-P: Unlike the Baseline, we modified the ker-
nel to pin metadata in CPU-local DDR DRAM by allo-
cating metadata in DDR DRAM even when free space is
scarce. Specifically, we implement kernel support for dy-
namic allocation of Xarray nodes by introducing a flag
(GFP__THISNODE) that enforces allocation on the DDR
DRAM node when allocating metadata [46]. However, at-
tempting to allocate metadata under extreme memory pres-
sure (i.e., out-of-memory conditions) may lead to abnor-
mal application termination [33]. To mitigate this issue,
when an OOM condition is imminent, metadata allocation
is redirected to CXL DRAM [51].

e MAC-S: MAC-S (corresponding to Figure 8(a)) acceler-
ates metadata management using a single controller and
four accelerators. The controller schedules offloaded re-
quests (e.g., 32 Xarray walks); two accelerators serve two
background kswapds and two serve foreground reclama-
tions. Page descriptors for DDR DRAM are allocated in
DDR DRAM and traversed by the host CPU. Page de-
scriptors for CXL DRAM and all Xarrays reside in CXL
DRAM, with their traversal offloaded to a accelerator.

e MAC-P: MAC-P (corresponding to Figure 8(b)) accel-
erates metadata management by exploiting the maximum
available parallelism of CXL DRAM-resident accelerators,
using one controller and thirty-two accelerators. Offloaded
tasks run in parallel; after each batch, the controller aggre-
gates results and applies a modeled BIsnpInvBlks delay
computed by the Blsnp delay model.
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Hardware prototype for MAC system. We prototype MAC
on FPGA to quantify the reduction in page descriptor traver-
sal and Xarray-walk time from hardware offload versus host-
only traversal in CXL DRAM. At initialization, the host al-
locates a host buffer and passes its physical address to the
accelerator; this buffer carries inputs for Xarray walk and
page-descriptor traversal, and later the results. Offloading
proceeds as follows: (1) the host writes inputs and triggers
the accelerator via an MMIO write; (2) the accelerator fetches
inputs with CXL.cache reads and distributes them to per-
operation units whose state machines mirror the software
logic; (3) the units issue device-biased memory requests that
do not require updates*, but the final Xarray update is per-
formed via a host-biased write, thereby keeping the update
coherent with the CPU cache; (4) and the host is notified upon
completion. To preserve correctness, when the host updates
the Xarray, it flushes the modified cache lines to the device
so the accelerator does not operate on stale data.

5.2 Workloads

We conducted evaluations across a diverse set of database
workloads using systems that are widely adopted in practice:

* RocksDB with YCSB workloads: We deployed
RocksDB [71] alongside YCSB [88] to evaluate be-
haviors under both read-intensive and write-intensive
workloads. For this purpose, we generated two RocksDB
databases (2.5 TiB and 2.0 TiB).

* PostgreSQL  with OLTP  workload: Using
PostgreSQL [65]—an open-source, object-relational
database management system—we evaluated transaction
workload with the OLTP benchmark [64]. We created a
2.0 TiB database for the evaluation.

* Neodj with LDBC SNB workloads: We evaluate
Neo4j [15], a graph database, using the LDBC SNB bench-
mark tool [16]. We use two types of queries: Interactive
Short (IS) workload and Interactive Complex (IC) work-
load [12]. To this end, we import a 1 TiB dataset (SF:
1,000) [14] into the database.

« LMDB with GET workload: We evaluate LMDB [55], a
database that performs file I/O using mmap [41], with the
ioarena [27] benchmark. We created a 1.7 TiB database.

5.3 Results

All reported results are collected after a warm-up phase, dur-
ing which both DDR DRAM and CXL DRAM are fully pop-
ulated. Logs used for CDF and box-plot analysis are flushed
to a separate SSD to avoid interfering with application per-
formance.

RocksDB with YCSB workloads. We first evaluate a YCSB
read-only workload on a 2.5 TiB RocksDB database. To

4We issue device-biased reads to bypass the CXL home agent’s coher-
ence checks, thereby accelerating each read.

Table 2: Xarray distribution across DDR DRAM and CXL
DRAM under Baseline at the end of the benchmark.

DDR-CXL Configuration DDR CXL Total

64G-64G 2,047TMiB 2,378 MiB 4,425 MiB
64G-128G 2,030MiB 3451 MiB 5,481 MiB
64G-256G 2,101 MiB  4420MiB 6,521 MiB

assess the impact of metadata spillover into CXL DRAM
on page-reclamation efficiency, we vary the DDR:CXL ca-
pacity ratio by fixing host memory at 64 GiB and setting
CXL to 64/128/256 GiB (1:1/1:2/1:4); for each configura-
tion, the thread count is tuned to highest throughput. Fig-
ure 11 presents the latency distribution in the form of a CDF.
Across all ratios, MAC-S and MAC-P exhibit lower tail la-
tencies than Baseline. For example, at a DDR DRAM to
CXL DRAM ratio of 1:2, MAC-S reduces the p99.99 la-
tency by 97% compared to Baseline, while MAC-P achieves
a 98% reduction. These improvements are closely tied to the
page reclamation rate.

Table 2 shows Baseline suffers substantial Xarray
spillover to CXL (e.g., 68% at 1:4), throttling kswapd.
In contrast, MAC-S and MAC-P place metadata in CXL
DRAM and accelerate its management via NMP, thereby
maximizing the efficiency of kswapd. For example, com-
pared to Baseline, MAC-S and MAC-P reduce Xarray walk
overhead by 25% and 80%, respectively, and reduce page de-
scriptor traversal overhead by 58%. As a result, the MAC-P
increases free-page generation by 36%, despite incurring
Blsnp (sync.) and host-device communication (comm.)
overheads, as shown in Figure 12(b). Consequently, as shown
in Figure 12(a), MAC-P reduces foreground reclamations by
66% at 1:2 compared to Baseline.

Compared to Baseline-P, both MAC-S and MAC-P also
exhibit lower tail latency distributions. As shown in Fig-
ure 11(a), MAC-S and MAC-P reduce the p99.99 latency
by 15% and 22%, respectively, relative to Baseline-P. In
Baseline-P, most metadata resides in DDR DRAM, which
reduces page reclamation overhead by 22% compared to
Baseline, as shown in Figure 12(b). Despite this benefit,
Baseline-P still suffers from latency spikes due to the high
overhead of slab memory management [40].

When an application fetches data from SSD into memory,
Xarray nodes are dynamically allocated from pages in slab
memory pools [40], where each NUMA node (DDR DRAM
or CXL DRAM) maintains its own pool. However, under
Baseline-P, which allocates Xarray only on DDR DRAM,
severe memory pressure significantly increases the overhead
of managing the DDR DRAM node’s slab memory pool for
metadata allocation. Specifically, application data and kernel
metadata contend heavily for DDR DRAM space, as meta-
data allocations are restricted to the DDR DRAM despite the
presence of separate slab pools in CXL DRAM. We observed
that while slab allocation latency [46] ranges from 2—4 us in
Baseline, MAC-S, and MAC-P, it increases to 10-600 us in
Baseline-P.
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Consequently, as shown in Figure 11, the increased slab
allocation cost and resulting contention on shared resources
cause Baseline-P to exhibit tail latencies comparable to
Baseline.

In addition to the slab management overhead, the prefer-
ential allocation of large metadata to DDR DRAM forces
application data to be allocated and served from CXL
DRAM, thereby degrading application throughput. We ob-
serve that Baseline-P achieves lower TPS (transactions per
second) than the other schemes. For example, as shown
in Figure 11(c), Baseline-P delivers 6% lower TPS than
MAC-P, which experiences the least memory pressure on
DDR DRAM and achieves higher utilization of application
data in DDR DRAM.

We next evaluate a YCSB workload with a 5:5 read-to-
update (read-modify-write) ratio on a 2.0 TiB RocksDB
database. Updates trigger memory-intensive compactions;
when compactions stall, the tail latency of writes and reads
increases sharply [86]. As shown in Figure 13, across all
memory configurations our MAC system delivers stable per-
formance. For example, for read operations, as shown in Fig-
ure 13(a), MAC-P reduces the p99.9 latency by 24% and the
p99.99 latency by an average of 27% compared to Baseline.
For update operations, as shown in Figure 13(d), MAC-P re-
duces p99.99 latency by 52% compared to Baseline and by
48% compared to Baseline-P. Notably, by alleviating DDR

DRAM memory pressure caused by large metadata, MAC-P
improves throughput by 10% over Baseline and 17% over
Baseline-P. This result suggests that, for update workloads,
higher utilization of fast DDR DRAM by application data
leads to improved throughput.

PostgreSQL with OLTP. We evaluate an OLTP workload
(SELECT-only) on a 2.0 TiB PostgreSQL database using
pgbench [64]. We configure PostgreSQL ’s internal buffer
(shared__buffers [66]) to 25% of system memory following
PostgreSQL ’s guidance [66], and for each memory setting,
we increase the thread count to achieve the highest queries-
per-second. As shown in Figure 14, our MAC-S and MAC-P
deliver stable performance across all memory configurations
compared to Baseline. For example, in a configuration with
a DDR DRAM to CXL DRAM ratio of 1:2, MAC-P reduces
the number of queries that experience foreground reclama-
tion by 88% (Figure 14(e)), which in turn lowers the p99.99
latency by 92% (Figure 14(b)) and maintains stable latency
during execution.

Moreover, as shown in Figure 14(d), MAC-S and MAC-P

improve TPS by up to 5% across all memory configurations
over Baseline and Baseline-P by more efficiently utilizing
DDR DRAM.
Neodj with LDBC SNB workloads. Graph processing in
Neo4;j can incur significant disk I/O under memory pres-
sure when the dataset exceeds available memory, which in
turn triggers frequent memory reclamation. We first evalu-
ate our system using an IS workload that concurrently ex-
ecutes seven Interactive Short Queries (IS) [12], which ex-
hibit OLTP characteristics. As shown in Figure 15(a), both
MAC-S and MAC-P achieve lower tail latencies across all
queries by enabling more efficient page reclamation under
memory pressure. For example, for SQ6, MAC-P reduces
P99.9 latency by 21% and p99.99 latency by 82% compared
to Baseline, and further reduces p99.9 and p99.99 latencies
by 11% and 24%, respectively, compared to Baseline-P.

Moreover, MAC-S and MAC-P achieve shorter overall
benchmark runtimes than Baseline-P. As shown in Fig-
ure 15(b), they reduce the total runtime by 7% compared
to Baseline-P, driven by faster metadata allocation as well
as higher application data fetch and processing within DDR
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Figure 13: Latency CDFs and TPS (x1,000) across memory configurations for the RocksDB 50/50 read—update workload: (a)
DDR:CXL = 1:1 (READ, 100 threads), (b) DDR:CXL = 1:2 (READ, 230 threads), (c) DDR:CXL = 1:4 (READ, 250 threads),
(d) DDR:CXL = 1:1 (UPDATE, 100 threads), (¢) DDR:CXL = 1:2 (UPDATE, 230 threads), and (f) DDR:CXL = 1:4 (UPDATE,

250 threads).
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Figure 14: Latency CDFs, TPS, and foreground reclamation frequency across memory configurations for the OLTP workload
with PostgreSQL: (a) DDR:CXL = 1:1 (100 threads), (b) DDR:CXL = 1:2 (160 threads), (c) DDR:CXL = 1:4 (250 threads), (d)

TPS comparisons, and (e) foreground reclamation frequency.

DRAM.

Next, we evaluate our system using a hybrid workload that
concurrently executes seven Interactive Short (IS) queries
and eleven Interactive Complex (IC) queries [12] which
exhibit OLAP characteristics. As shown in Figure 16(a),
our system achieves lower p99.9 and p99.99 tail laten-
cies for most queries. However, for some long-running,
computation-bound queries (e.g., CQ1 and CQ2), the im-
provement is smaller. Nevertheless, in terms of overall run-
time, both MAC-S and MAC-P still outperform Baseline-P,
achieving an 11% reduction in total runtime, as shown in Fig-
ure 16(b).

LMDB with GET operations. We evaluate the GET work-
load on a 1.7 TiB LMDB database using ioarena [27]. Since
LMDB [55] accesses the database via mmap [41], we as-
sessed how the cooperative page reclamation scheme in Fig-
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Figure 15: Latency distributions and total runtime under a
1:2 DDR DRAM:CXL DRAM configuration: (a) box plots
for the Interactive Short (IS) workload (400K ops with 200
threads), (b) runtime across schemes.
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Figure 16: Latency distributions and total runtime for the combination of the Interactive Short (IS) and Interactive Complex (IC)
workload (13K ops with 200 threads) under a 1:2 DDR:CXL DRAM configuration: (a) box plots, (b) runtime across schemes.
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Figure 18: FPGA-based validation of page reclamation ac-
celeration.

ure 9 affects performance. As shown in Figure 17(a), MAC-S
and MAC-P reduce p99.9 latency by 62% and 35% on aver-
age over Baseline and Baseline-P, respectively, while main-
taining stable performance.

This performance improvement stems from the fact that
our MAC processes the unmapping of reclaimed mmap’ed
pages from the process page table in parallel with the Xarray
walk, as shown in Figure 9. As a result, as shown in Fig-
ure 17(b), in MAC-S and MAC-P the unmap operation is
overlapped with the Xarray walk time, reducing page recla-
mation time by 26% and 42%, respectively, compared to
Baseline. Compared to Baseline-P, MAC-S and MAC-P
reduce reclamation time by 10% and 31%, respectively.
Results with a prototype system.

To validate the fidelity of our emulation results, we mea-
sured the end-to-end latency of kswapd ’s page reclama-
tion on real FPGA hardware. To do so, we synthesized

Table 3: Prototype system configurations.

Component Specification

oS Ubuntu 24.04.1 LTS (Linux kernel v6.11)

DDR DRAM size 128 GiB

CPU Intel Xeon 6538Y+ (2 CPU sockets, each with 32 cores
and 60 MiB LLC per CPU) [22]

Socket 0 & 1 2 x 64 GiB DDR5-4800

CXL device Intel Agilex 7 I-series FPGA [24]

On-board DRAM 2 x 8 GiB DDR4-2666

FPGA utilization ALM: 233k(26%), Registers: 480k(26%), M20K:
2123(16%) [20, 19]

the Linux kernel’s Xarray walk function [53] and page-
descriptor traversal logic [50] into an FPGA RTL design. We
perform our FPGA evaluation on a server described in Ta-
ble 3.

We benchmark the overhead of the page-reclamation pro-
cess invoked by kswapd, using synthetic page descriptors
and Xarray structures representative of file-sizes and tree
depths observed in RocksDB and PostgreSQL (e.g., Xarray
depth of 3 levels).

As shown in Figure 18, our MAC technique reduces
the Xarray-walk overhead by 82% and the page descriptor
traversal overhead by 48% by enabling pipelined and paral-
lel execution of accelerators within CXL DRAM. While of-
floading work to CXL DRAM introduces additional costs—
the time for the host CPU to transfer required information
and trigger MMIO operations (comm. in Figure 18), and
the overhead of notifying the host CPU of completion via
polling and returning the computed values, along with cache-
coherency overhead (sync. in Figure 18)—MAC still de-
creases the end-to-end runtime of kswapd page reclamation
by 30%. This improvement is comparable to the performance
of MAC-P in Figure 12(b), validating the results of the em-
ulated architecture.
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6 Related Work

We organize related work into two areas: (1) metadata over-
head reduction and (2) near-memory processing (NMP).
Metadata management. Several studies [33, 13, 68, 63, 35,
87, 67] have improved system and application performance
by reducing the overheads of kernel metadata management.
For example, Radiant [33] tackles the performance degrada-
tion caused by long address translation when page tables spill
over to high-latency non-volatile main memories [21] by mi-
grating page tables. Hermit [68] mitigates tail-latency issues
caused by remote memory accesses during application-page
swapping in RDMA-connected clusters using multiple swap
threads, but focuses on in-memory applications and does not
consider the overheads of metadata structures. In contrast,
our MAC system is distinguished in that there has been no
prior characterization of the size or performance overhead
of existing kernels’ memory management metadata in large-
capacity, CPU-less CXL DRAM environments.

NMP with CXL DRAM. Many works [79, 28, 32, 62, 85,
89, 30] have improved application performance by leverag-
ing CXL DRAM-based near-memory processing (NMP) to
overcome performance bottlenecks. For example, [85] accel-
erates query processing with in-memory column scans and
B*-tree operations, while [79] performs NMP-based mem-
ory profiling on CXL DRAM to reduce the host-CPU bur-
den, improving both migration accuracy and performance. In
contrast, our MAC system offloads Linux’s page-reclamation
path to CXL DRAM, showcasing a complementary NMP use
case that targets OS-level memory-management overheads.

7 Discussion

While vendors typically consider DDR DRAM to CXL
DRAM ratios ranging from 1:1 to 1:4, future systems may
employ more aggressive configurations such as 1:8. As
shown in Figure 19(d), under a 1:8 ratio, metadata occu-
pies approximately 20 GiB, corresponding to 31% of DDR
DRAM capacity. Consequently, Baseline and Baseline-P,
which place metadata in DDR DRAM, experience 5-30%
higher 50th-90th percentile latencies than MAC-S and

MAC-P due to increased contention for scarce DDR DRAM,
as shown in Figure 19(c). These results show that, as CXL
DRAM capacity scales, preserving DDR DRAM for ap-
plication data becomes increasingly important for latency-
sensitive workloads [3].

Although we focus on CXL memory expanders, the same
considerations apply to future CXL 3.0 memory-pooling sys-
tems [34] with multiple CXL DRAM devices. In this case,
nodes belonging to the same Xarray should preferably re-
side in the same CXL DRAM device and migrate together
when reassigned. Moreover, applications spanning multiple
CXL DRAM devices could exploit device-level parallelism
for metadata processing.

8 Conclusion

We have presented MAC, a near-memory processing ap-
proach that co-designs the OS and a CXL-resident ac-
celerator to offload the dominant metadata operations in
the memory reclaim path—Xarray [52] walks and page-
descriptor [49] traversals. To our knowledge, this is the first
paper to address the capacity and performance costs of ker-
nel metadata in CXL DRAM systems from a sustainability
perspective and to resolve them via NMP-based reclamation
offloading. Compared to a modern Linux kernel-based sys-
tem equipped with CXL DRAM, MAC reduces the p99.99
latency by up to 98%, thereby ensuring sustained, stable ap-
plication performance.
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