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Abstract

Memory disaggregation introduces new challenges for appli-
cation reliability, as compute server or interconnection fail-
ures can interrupt execution and lead to data inconsistency
in the memory server. This paper presents Fanmem, a novel
failure-atomic transaction system designed specifically for
disaggregated memory architectures. Fanmem ensures data
consistency in the presence of failures, drawing inspiration
from persistent memory transactions while tailored for mem-
ory disaggregation. The key innovations of Fanmem include
an asynchronous transaction model and the integration of a
processing unit within the switch, enabling the offloading
of time-consuming log persistency operations to the switch
processing unit and significantly reducing the overhead on
the compute servers. Evaluation confirms the effectiveness
of Fanmem on two representative memory-disaggregated
architectures. Compared to the state-of-the-art persistent
memory transaction system, Fanmem achieves an average
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performance improvement of 1.2X and 1.7X on the respective
architectures.
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1 Introduction

The landscape of datacenter architecture is undergoing a
fundamental transformation, driven by the disaggregation
of compute and memory resources. Enabled by emerging
high-bandwidth and low-latency interconnects such as Com-
pute Express Link (CXL), this new paradigm allows multi-
ple compute servers to access a large memory pool [10, 20,
35, 41]. This approach promises substantial improvements
in memory utilization and cost-efficiency, mitigating the
chronic problem of memory stranding and allowing sys-
tems to be provisioned with performant, large-capacity, and
cost-effective remote memory. Concurrently, the Persistent
Memory (PM) landscape is evolving; following the discon-
tinuation of Intel’s Optane PMEM, the industry is shifting
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toward CXL-attached solutions like memory-semantic SSDs
such as Samsung CMM-H [53, 68] and UPS-backed DRAM
servers [18], which integrate seamlessly into these disaggre-
gated architectures.

Persistent memory transactions are a fundamental abstrac-
tion for managing the crash consistency of PM, but existing
designs are ill-suited for the unique characteristics of CXL-
based disaggregated memory. The core research problem lies
in the prohibitive latency of persistence operations. Access-
ing CMM-H remote memory via CXL can take thousands of
CPU clock cycles, e.g., 728.9ns median latency [68]. Such high
latencies greatly magnify the cost of persist barriers (e.g.,
sfence), which stall the CPU pipeline and severely degrade
application performance [35], as shown in Figure 1 (a).
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(b) CPU proceeds after it receives
response from CXL switch.

(a) Dataflow of a write request;
CPU stalls until it receives
response from memory server.

Figure 1. Dataflow of (a) a standard synchronous write re-
quest and (b) an offloaded write request

Current persistent memory transaction systems fail to ad-
equately address this challenge. Software-only approaches,
which focus on minimizing persistence operations [66] or
moving them to a background thread [39], remain bottle-
necked by the high-latency synchronous flushes required to
ensure durability over the CXL fabric, resulting in significant
overhead (an average slowdown of 1.6x) compared to per-
sistent memory transactions running on local memory, as
shown in Figure 2. Hardware-assisted solutions, on the other
hand, often achieve higher performance by integrating trans-
action logic into the CPU [6, 13]. However, these designs
require non-trivial modifications to the processor core, lim-
iting their adoption in heterogeneous datacenters deploying
a wide range of CPUs, including custom silicon from major
cloud providers [4, 8, 36, 38]. A CPU-centric solution is fun-
damentally at odds with the vendor-agnostic philosophy of
CXL, making a CPU-oblivious approach highly desirable.

In this paper, we propose Fanmem, the first failure-atomic
transaction system for CXL-based disaggregated memory
architectures with hardware-accelerated crash consistency.
The core idea of Fanmem is a software-hardware co-design
that decouples the transaction’s execution on the compute
server from its log persistence. We introduce an asynchro-
nous transaction model that offloads the time-consuming log
persistence operations to a Fanmem-enabled CXL switch, as
shown in Figure 1 (b). This offloading moves the latency of
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Figure 2. Slowdown of software speculatively persistent
memory transaction [66] on two disaggregated memory ar-
chitectures (CXL-F [35] and CXL-S [12]) over the native
execution on local memory. CXL-F and CXL-S differ in the
latencies between the CXL switch and the memory server.
Detailed parameters are in Section 6.1. gm denotes geomean.

writing to the remote memory server off the critical path,
allowing the application to proceed without stalling. Trans-
action commits are delayed, enabling unrelated subsequent
tasks to execute before commit completion while preserving
durability semantics. The novelty of Fanmem lies in its CPU-
oblivious design; by embedding the acceleration logic into
the network fabric (the CXL switch), it remains compatible
with any CXL-compliant CPU, ensuring broad applicability.

This offloading strategy presents several challenges. First,
the CXL switch must efficiently distinguish offloaded log
writes from the high volume of normal memory traffic. Fan-
mem addresses this challenge with a hardware Log Area
Table (LAT) that performs fast lookups on the address ranges
of registered log areas. Second, the application must be able
to check for persistence completion without incurring the
high overhead of system calls or interrupts. We solve this
problem with an append-only sequential log and a hardware-
managed cursor in the switch. This cursor tracks the durable
log frontier and is exposed to the application via a simple
memory-mapped load instruction, enabling an efficient, low-
overhead tracking mechanism. Third, to ensure correctness
when logs persist out of order, Fanmem employs a timestamp-
based commit protocol, guaranteeing that transactions are
committed in the same order as they were executed.

Our evaluation on an FPGA-based prototype and a gem5-
based simulation of two representative disaggregated mem-
ory architectures demonstrates the effectiveness of Fanmem
at reasonable resource overhead. Using applications from the
STAMP and TPC-C benchmarks, Fanmem achieves average
performance improvements of 1.2X and 1.7X, respectively,
compared to a state-of-the-art software persistent memory
transaction system [66].

2 Background

This section provides the necessary background on CXL-
based memory disaggregation and persistent memory trans-
actions.
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2.1 CXL-Based Memory Disaggregation

CXL is an emerging industry standard that enables high-
bandwidth and low-latency interconnectivity among CPUs,
NICs, accelerators, and other devices. It introduces a new
attach point for memory, allowing CPUs to access memory
attached to other devices through load and store instructions.
Such capability facilitates memory disaggregation, such that
multiple compute servers with powerful CPUs can connect
to a memory server with large memory capacity through a
CXL switch, as shown in Figure 3.

Compute Server #m|

SO0

____________________________________

i__) Separate Failure Domain

Figure 3. An overview of a memory disaggregated architec-
ture. Multiple compute servers share memory servers via a
CXL switch. The CPU-free memory server contains various
types of memory. The compute servers, memory servers, and
switch reside in separate failure domains.

The compute server, memory server, and CXL switch are
independent devices [20] that reside in separate failure do-
mains. However, such memory disaggregation introduces
potential reliability challenges, as the failure of any com-
ponent, whether it be the compute server, the CXL switch,
or the memory server, can lead to interruptions in memory-
disaggregated applications. As a reference, a study conducted
by Microsoft on 180,000 switches across 130 locations re-
ported a failure rate of 2.5% for data center Ethernet switches
within an 80-day period [52]. This statistic underscores the
real-world impact of component failures on the reliability of
systems utilizing disaggregated memory.

2.2 Persistent Memory Transaction

Persistent memory transactions are a widely adopted abstrac-
tion for ensuring failure atomicity. A transaction groups a
sequence of memory operations, guaranteeing that either all
modifications are durably persisted or none are, even in the
event of a crash. This all-or-nothing semantic is typically
implemented using a logging protocol. For example, consider
a transaction that updates a. Undo logging records the old
value of a before modifying it. The transaction persists the
data using a cache flush clwb and a write barrier sfence
before committing, as shown in Figure 4 (a). Upon system
failure, post-failure recovery utilizes the undo log records to
revert the modifications if the transaction is uncommitted.
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Persistent memory transactions can be implemented with
different logging schemes that vary in performance and mem-
ory space consumption, including undo [16, 28, 30, 51, 55, 66]
and redo [13, 14, 26, 39]. Although effective, these traditional
transaction models incur significant performance overhead
in a disaggregated memory setting, as shown in Figure 2.
The core bottleneck is the high latency of persistence [48].

To mitigate this overhead, recent research has proposed
speculative logging [66]. As illustrated in Figure 4 (b), specu-
lative logging restructures operations to reduce the number
of expensive fences. By logging the new value of data a in
Transaction #1 and using its fence to ensure persistence, a
subsequent Transaction #2 that also modifies a can leverage
this persisted log for its own recovery, eliminating the need
for its own log persistence fence. Since the log already con-
tains the new data, the data write itself does not need to be
persisted before commit.

tx_begin() tx_begin()
log old a = 0 & clwb log a=1
sfence log new a =1 & clwb log
a=1 c@‘ sfence
clwb a © /| tx_end()
sfence &
tx_end() \0&/ ’
@// tx_begin()
@o/ a=2
tx_begin() ’ log new a = 2 & clwb log
logold a=1 & clwb log sfence
sfence tx_end()
a=2
clwb a Speculative logging reduces
sfence sfence and removes the
tx_end() need to clwb data.

(@) Undo logging (b) Speculative logging

Figure 4. Comparison of (a) undo logging and (b) speculative
logging

This optimization significantly reduces overhead by re-
quiring only one sfence per transaction. However, a fun-
damental performance challenge remains: this single fence
is still synchronous and stalls the CPU until the log data
traverses the high-latency network and is persisted to the
remote memory server. It is this critical-path latency that
Fanmem is designed to eliminate.

3 Overall Design

The fundamental performance bottleneck for transactions in
a disaggregated memory environment is the high latency of
synchronous persistence operations. The core design prin-
ciple of Fanmem is to decouple transaction execution from
log persistence, thereby moving the high cost of remote
durability off the application’s critical path. We achieve this
through a software-hardware co-design that introduces an
asynchronous transaction model in software and offloads the
management of log persistence to a lightweight, intelligent
hardware unit embedded within the CXL switch. Placing
the acceleration logic in the switch is a strategic choice; as a
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natural interception point for all memory traffic, it allows
Fanmem to remain CPU-oblivious. This stands in contrast to
previous hardware-assisted solutions that required custom
CPU modifications, limiting their practical adoption [6, 13].

3.1 Asynchronous Transaction Model

Fanmem implements an asynchronous transaction model
in which persistence is determined through explicit, asyn-
chronous verification of persistence progress. Under this
model, data achieves persistence only upon reaching per-
sistent memory, as both compute servers and switches are
treated as volatile components. Transactions can commit
only after their persistence has completed. Before commit-
ment, our solution allows software and hardware to persist
log records in arbitrary order, providing flexibility in the log-
ging mechanism while maintaining correctness guarantees.

Similar to other asynchronous transaction schemes [6, 26,
30, 39, 42], Fanmem’s software interface is built upon an
asynchronous transaction model that divides a transaction’s
lifecycle into three distinct stages: execution, offloading, and
commiit. To illustrate this, we integrate Fanmem with a state-
of-the-art speculative logging scheme [66], though the princi-
ple is applicable to other schemes as discussed in Section 5.1.
Figure 5 shows the modified programming model.

int txid = tx_begin() // assigns a unique ID
a=1
log(&a, 1) // create a log record
clwblog // offload to CXL switch
sfence

tx_end()

... /] application proceeds with other tasks

if(isPersisted(txid)): // check persistency
tx_commit(txid)  // commit transaction

1.Execution

2. Offloading

3. Commit

Figure 5. The asynchronous transaction model in Fanmem,
which divides a transaction’s lifecycle into execution, offload-
ing, and commit stages. By offloading log persistence, the
application avoids stalling on remote memory durability.

1. Execution: The application begins a transaction with
tx_begin() and performs its data modifications directly.
In line with speculative logging, it generates log records
containing the new data values.

2. Offloading: The application writes the log records to a
pre-allocated region in disaggregated memory. Crucially, it
then executes a clwb followed by an sfence. In a traditional
system, this sfence would stall the CPU until the log data
is durable in the remote memory server. With Fanmem, the
semantics are transformed. The fence only needs to ensure
that the log write requests have reached the Fanmem-enabled
CXL switch. Upon receiving these writes, the switch imme-
diately buffers them and sends an acknowledgment back to
the compute server. This early acknowledgment allows the
CPU to retire the fence instruction and proceed with sub-
sequent work—including executing new transactions—long
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before the logs are physically persisted. This stage concludes
with tx_end(), signifying that the transaction’s execution is
complete and its persistence has been successfully offloaded.

3. Commit: The application cannot finalize the trans-
action until it can confirm that its logs are truly durable.
Fanmem provides a low-overhead polling mechanism for
this purpose, i.e., isPersisted(txid). Once persistence is
confirmed, the application calls tx_commit(txid) to for-
mally commit the transaction, making its effects permanent
and visible for recovery.

The central challenge of this asynchronous model is en-
abling the application to perform the isPersisted() check
efficiently and accurately, without introducing new perfor-
mance bottlenecks.

3.2 The Sequential Log and Cursor Mechanism

To solve this challenge, Fanmem introduces a simple yet pow-
erful logging discipline: a per-thread, append-only sequential
log area. The application allocates a dedicated, physically
contiguous region of disaggregated memory for each ap-
plication thread. The thread then writes all its log records
sequentially into this area.

This structural constraint is the key insight that simpli-
fies persistence tracking. Instead of managing the status of
numerous individual and scattered log writes, the problem
is reduced to tracking a single "high-water mark" of dura-
bility for each log area. Fanmem accomplishes this with a
hardware-managed cursor.

The cursor is a pointer maintained in the Fanmem hard-
ware within the CXL switch, with one cursor dedicated to
each offloaded log area. This cursor’s value represents a crit-
ical guarantee: all log data from the beginning of the log area
up to the address held by the cursor has been confirmed as
durable on the remote memory server.

0x1000 0x1001 -+ end of tS* *cursor: Ti
[

logs for t1  logsfor t2  logs for t3  logs for t4 logs for t5

Log reached memory server Log not reached memory server
Figure 6. A sequential log area starting from 0x1000. The
logs for transaction t3 and preceding transactions have
reached memory server.

The process for an application to check a transaction’s
persistence is therefore highly efficient, as shown in Figure 6:

1. During the execution stage, the application software
notes the address of the last byte of the final log record
for the transaction.

2. To check for persistence, the application issues a sin-
gle load instruction to a specific, memory-mapped
address that corresponds to its log area’s cursor. This
request is routed to the switch, which returns the cur-
rent cursor value.
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3. The application then performs a simple comparison:
persistence is guaranteed if the transaction’s last log
address is less than or equal to the returned cursor.

If this comparison is true, the transaction is guaranteed
to be persistent. Because the log is sequential and append-
only, the durability of its last byte implies the durability of
all its preceding bytes. This mechanism transforms a com-
plex synchronization task into a single, low-latency memory
read and a comparison, completely avoiding high-overhead
system calls or interrupts.

3.3 Hardware-Assisted Offloading

Fanmem augments the CXL switch with two specialized,
lightweight hardware components, as shown in Figure 7, the
Log Area Table (LAT) and the Log Write Status Table (LWST),
which work in concert to manage the offloaded persistence
operations transparently.

Compute . Memory

Server ) (% ® Server

@ Log Area Table [

| s | @ ]
(— o00]
(o] ® Log Write Status Table ﬁ

-
PM

Figure 7. The overall architecture of Fanmem. Log writes
are intercepted by the Fanmem-enabled CXL switch, which
provides an early acknowledgment to the compute server
before forwarding the write to the memory server.

Fanmem serves write requests in the following way:

(1) When a memory write arrives from a compute server,
the switch first consults the Log Area Table (LAT). The LAT
is a small on-chip cache that stores the physical address
ranges of all registered log areas. If the write address is not
found in the LAT, it is treated as a normal data write and is
forwarded transparently to the memory server. (2) Otherwise,
the switch identifies it as a log write. Fanmem immediately
forwards the write to the memory server for persistence
while simultaneously recording the request in its internal
Log Write Status Table (LWST). (3 Crucially, the switch then
sends an immediate completion acknowledgment back to
the compute server. This is the mechanism that enables the
decoupling described in the transaction model.

The LWST tracks the state of all in-flight log writes. (9
When a write completes in the memory server and the re-
sponse arrives from it, the switch intercepts this response,
(5) updates the corresponding buffer in the LWST, and ad-
vances the log area’s cursor to the new contiguous boundary
of durable writes. It is this final step that makes the persis-
tence guarantee visible to the application through the cursor
mechanism.
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3.4 Commit Protocol

To ensure correctness, a transaction can only commit after
two conditions are met: (1) all of its log records have been
durably persisted, and (2) all transactions that it depends
on have also been committed. Fanmem defines dependen-
cies conservatively based on execution order: a transaction
depends on all transactions that completed their execution
stage earlier.

To enforce this, Fanmem employs a timestamp-based com-
mit protocol, similar in principle to prior works [14, 66].
When a transaction finishes its execution stage, the appli-
cation records a hardware timestamp. To commit, a thread
checks that its transaction’s logs are persistent (via the cur-
sor) and then coordinates with other threads to find the old-
est uncommitted transaction that is ready. The system-wide
commit timestamp is then advanced, atomically committing
all transactions with earlier timestamps. This protocol guar-
antees that transactions are committed in the same order
they were executed, ensuring that post-failure recovery will
restore a consistent system state. All timestamp management
and commit logic resides on the CPU; the switch remains
oblivious to transaction semantics, preserving the simplicity
of the hardware design.

When the system scales out with more switches, Fanmem
works in the same way, as it treats each process indepen-
dently. A compute server offloads transactions to the nearest
switch equipped with Fanmem, regardless of the topology
of the switches.

4 Implementation

This section details the hardware and software co-design of
Fanmem.

4.1 Log Area Table

A CXL switch may connect numerous compute servers, each
generating a high volume of memory traffic [2, 12]. The hard-
ware must efficiently distinguish latency-sensitive log writes
from regular data writes with minimal overhead and with-
out becoming a bottleneck, while avoiding any modification
to the CXL protocol. A monolithic, fully-associative lookup
structure would be prohibitively slow and complex.

To tackle the challenge of scalable traffic interception,
Fanmem employs a partitioned and dynamically managed
LAT structure instead of a single, large lookup table. The
LAT subsystem consists of two main components, as shown
in Figure 8: an Index Table and multiple smaller, independent
pLATs. The Index Table is a simple SRAM array indexed
by the source port ID (i.e., the ID for the compute server
initiating the write request, defined by the CXL protocol) of
an incoming memory write request. Each entry in the Index
Table is an index of a pLAT. Each pLAT is a range-based
TLB [29] that stores the base physical address and size (in
4KB granularity) of registered log areas.
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Write request

¢, port ID
Index
Table (2B)
3 paddr (6B) | size (2B)
0 0x100000 | 32768
2 Ltk 0x300000 | 65536
; 0x200000 | 32768

Figure 8. Design of the Log Area Table for efficient identifi-
cation of log writes

When a write request arrives the switch, its source port
ID is used to perform a fast, direct lookup in the Index Table
to identify the pLAT. A parallel lookup is then performed
within the selected pLAT to check if the write’s address falls
within a registered log range. If there is a hit in the pLAT,
the write is identified as a log write and is forwarded to the
Log Write Status Table for asynchronous handling. If there
is a miss, the write is treated as normal traffic and is passed
transparently to the memory server.

Both the Index Table and pLAT are memory-mapped.
The assignment of pLATs is managed by a management
node (master). Specifically, the master configures the Index
Table associated with the compute server to reflect the ID
of the corresponding pLAT. This method offers two main
advantages: First, it allows multiple compute servers, each
offloading only a few log areas, to share the same pLAT, thus
reducing underutilization of pLAT entries. Second, the mas-
ter has the flexibility to dynamically remap a compute server
to another pLAT. Thus, when the number of offloaded log
areas associated with a compute server fluctuates, the master
can reassign it to a shared or dedicated pLAT, preventing
pLAT underutilization or overflow. If the pLAT is exhausted,
Fanmem simply resorts to traditional persistency, i.e., it sig-
nals log write completion after it reaches the memory server.

The application manages the update of pLAT entries allo-
cated to it. Upon registering offloaded log areas, each thread
writes the starting address and the size of the designated
log area into the corresponding pLAT entry. During log area
reclamation, the corresponding pLAT entry is removed, re-
flecting the deallocation of the associated memory region.

4.2 Log Write Status Table

The LWST’s architecture mirrors the partitioned design of
the LAT. It is composed of multiple independent tables, each
called a pLWST, with each entry dedicated to a single log
area. A log write forwarded from the LAT is routed to its cor-
responding pLWST using metadata from the LAT lookup (the
pLAT’s index and row ID), eliminating the need for further
associative searches.

Each pLWST entry leverages the sequential, append-only
nature of the logs to implement a highly compact, stateful
tracking mechanism. Instead of storing full addresses for
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every pending write, it maintains two key components, as
shown in Figure 9:

e A cursor, which stores the base address of the oldest
in-flight log write.

e A sliding window, implemented as a bit-vector that
tracks the status of a contiguous block of subsequent
64-byte log entries starting from the position referred
by the cursor. We use a 2-bit, three-state encoding for
each entry: empty (not yet received), buffered (received
by the switch but not yet durable in memory), and
persisted (confirmed durable by the memory server).

...................................................................

from compute server ]
log write (insertion operation) :

PLWST #0

cursor (6B) sliding window (4B)
0x100100 0b011001...0100
response (deletion operation) | 0x300100 0b010001...0110
from memory server 0x200100 0b011001...0101

Figure 9. Architecture of the Log Write Status Table, which
tracks in-flight log writes

The functionality of the LWST comprises three operations:

Insertion: When a log write arrives, the LWST calculates
its offset from the cursor associated with the same log area,
updates the corresponding bit-vector entry to "buffered”,
and immediately sends an acknowledgment to the compute
server, indicating that the write has reached the switch. Later,
the switch forwards the write to the memory server.

Persistence Confirmation: When the memory server
confirms a write is durable, the LWST marks the correspond-
ing entry as "persisted". It then inspects the head of the slid-
ing window. The cursor is advanced across all contiguous
"persisted" entries, updating the durable log frontier.

Cursor Query: The application polls the durable frontier
by issuing a memory-mapped load to an address correspond-
ing to the cursor. The LWST returns the current cursor value,
which the software uses to confirm transaction persistence.

The design of the LWST is extremely lightweight. The
stateful sliding-window mechanism drastically reduces the
on-chip storage required compared to naively buffering full
addresses, making it suitable for the resource-constrained
switch environment. Direct-mapped access ensures low-
latency, contention-free operations.

4.3 Commit Protocol

While the hardware handles persistence, the software is re-
sponsible for ensuring correctness. Fanmem uses a timestamp-
based commit protocol to guarantee that transactions are
committed in the same order they were executed, which is
critical for predictable post-failure recovery.

The commit protocol operates as follows:
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1. Timestamping: When a transaction completes its ex-
ecution stage (before commit), the application assigns
it a per-process timestamp, which can be implemented
with the rdtscp instruction [14, 66] on x86 or a mono-
tonically increasing counter as a logical timestamp. Be-
cause Fanmem operates without cross-process/server
timestamp synchronization requirements, it eliminates
the need for expensive, high-precision global timers
that would otherwise impose significant overhead in
disaggregated memory systems.

2. Dependency Tracking: Dependencies are defined
conservatively by execution order: a transaction de-
pends on all transactions with an earlier timestamp.

3. Committing: Each application thread maintains a
sorted list of its own completed but uncommitted trans-
actions. To commit, the application finds the trans-
action with the globally oldest timestamp across all
threads that is ready (i.e., its logs have been confirmed
persistent via the cursor mechanism). The system then
advances a single, persisted, per-process commit times-
tamp to atomically commit that transaction and all
other ready transactions with older timestamps.

Fanmem uses this protocol to enforce ordering while keep-
ing all transaction-level semantics on the CPU. The switch
remains oblivious to transaction dependencies, preserving
the simplicity and generality of the hardware design. The
protocol also naturally allows for batching, where multiple
contiguous, ready transactions can be committed together
by advancing the timestamp, further improving efficiency.

Since Fanmem commits transactions by updating the per-
process timestamp, which can be set to any point ¢t without
compromising correctness, provided the application guar-
antees that all transactions completing execution before ¢
are ready to commit, that is, the transactions are persisted
and acknowledged by the application. For example, consider
two threads, each containing two executed but uncommitted
transactions, with timestamps of 2 and 5 for the first thread,
and 1 and 3 for the second, as shown in Figure 10. If all four
transactions have been persisted and the application updates
the per-process timestamp from 0 to 5, the transactions will
commiit together. However, if the second thread is still persist-
ing a third transaction with a timestamp of 4, the application
should not update the per-process timestamp to 5 because a
crash would render the third transaction irrecoverable, and
the dependent transaction has been committed.

4.4 Post-Failure Recovery

Fanmem’s design provides a unified recovery mechanism
for failures affecting the compute server, the CXL switch,
or the memory server. The transaction log itself resides in
persistent memory within a memory server. In the event of
any component failure, the system initiates recovery by read-
ing the last persisted per-process commit timestamp. The
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[@transaction has been persisted {4)transaction has not been persisted }

per-process timestamp per-process tirpestamp

thread #0 ——@——6B— thread #0 ——@——G—>
thread #1 —D——@———— thread #1 {D—@—@F)&(—»
timeline 1 timeline ‘

(@) commit four transactions together  (b) cannot set the per-process timestamp to 5
Figure 10. Two cases of updating the per-process timestamp
where all transactions are executed but not committed. The
number in each circle represents the timestamp obtained at
tx_end().

commiit protocol guarantees that all log entries associated
with transactions that have older timestamps are durable
in the memory server. The recovery process simply replays
these committed logs to restore the system to a consistent
state, effectively ignoring any partially completed operations
or in-flight data lost in the volatile buffers of a failed switch.

4.5 Performance Guarantees

A key challenge in any buffered, asynchronous system is han-
dling high-contention scenarios where hardware resources
become exhausted. In Fanmem, a burst of logging activity
from many memory servers could potentially saturate the
LAT, causing subsequent log-offload requests to fail.

To ensure robust behavior, Fanmem incorporates a dy-
namic fallback mechanism that establishes a performance
lower bound. When an application thread attempts to offload
a log write but fails to acquire an entry in the LAT (i.e., the
table is full), it does not stall. Instead, the software runtime
seamlessly reverts to a conventional, synchronous persis-
tence protocol for that specific transaction. The log write is
still sent, but the CPU will wait for the durability confirma-
tion from the remote memory server, just as it would in a
baseline system without Fanmem’s offloading capabilities.
This strategy ensures forward progress and guarantees that
Fanmem’s performance will, in the worst case, be no worse
than that of the underlying synchronous transaction scheme.

5 Discussion

The core principle of Fanmem, decoupling transaction ex-
ecution from log persistence by offloading durability man-
agement, is a versatile concept not limited to the specific
implementation detailed in this paper. The strategic decision
to place lightweight acceleration logic in the CXL switch
offers significant flexibility, allowing Fanmem’s approach
to be adapted to various logging protocols, hardware inte-
gration points, and disaggregated memory configurations.
This section explores the broader applicability and design
trade-offs of our approach.

5.1 Applicability to Diverse Logging Protocols

While this paper demonstrates Fanmem’s effectiveness in ac-
celerating a state-of-the-art speculative logging scheme [66],
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its asynchronous offload model can be extended to other
popular logging protocols.

Redo Logging. Fanmem is naturally suited to accelerate
redo logging schemes. Many redo-based systems already
persist logs asynchronously to mitigate performance over-
head [39, 70]. Integrating Fanmem is straightforward, requir-
ing only minor software modifications to interface with the
asynchronous offload and commit mechanism. As shown in
our evaluation (Section 6), applying Fanmem to a redo log-
ging scheme like SPHT [14] yields substantial performance
gains, underscoring its broad compatibility.

Undo Logging. Applying Fanmem to undo logging presents
a challenge. Undo logging mandates a strict ordering be-
tween a data write and its corresponding log write to en-
sure atomicity. Offloading these operations would require
the hardware to understand and enforce these write-after-
write dependencies. While this is achievable, it would require
more complex dependency tracking logic within the switch,
similar to mechanisms found in CPU-centric hardware trans-
action systems [6, 17]. Such a design would compromise
Fanmem’s core philosophy of maintaining a simple, light-
weight, and stateless hardware accelerator, which is critical
for a latency-sensitive network component.

5.2 Flexibility in Hardware Integration

The placement of acceleration logic is a critical design de-
cision. We contend that the CXL switch is a good location
for Fanmem, but other integration points are possible, each
with distinct trade-offs.

In the CXL Switch (Our Approach). Placing Fanmem
in the switch strikes an ideal balance. As a natural inter-
ception point for all memory traffic, it allows Fanmem to
be entirely CPU-oblivious, ensuring compatibility with any
CXL-compliant processor.

In the Memory Server Controller. Integrating Fanmem
logic into the memory controller on the memory server is
another possibility. However, this placement would incur
the full round-trip network latency for the offload acknowl-
edgment to travel from the compute server to the memory
server and back. Our analysis shows this high latency negates
most of the benefits, yielding only a marginal performance
improvement of 1.2%.

In the CPU. A CPU-centric implementation is the tra-
ditional approach for hardware-assisted persistence [6, 13].
While this could offer the lowest latency for offloading, it
comes at the cost of requiring non-trivial, bespoke modifica-
tions to the processor core.

5.3 Adaptability to System Configurations

An alternative configuration is for a compute server to use
its own local persistent memory. This setup is viable for
applications with small data footprints that can recover
quickly from a local checkpoint. However, this approach
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forgoes the primary benefits of disaggregation, namely su-
perior memory utilization, on-demand provisioning, and the
ability to share large memory resources across many com-
pute servers [35, 46]. For the large-scale, memory-intensive
applications prevalent in modern datacenters, a disaggre-
gated model is increasingly favored, making a solution like
Fanmem a critical enabling technology for reliable and high-
performance computing,.

6 Evaluation

We comprehensively assess Fanmem’s performance, scala-
bility, and robustness, demonstrating that by offloading log
persistence to the CXL switch, Fanmem can significantly
mitigate the high-latency overhead of failure-atomic trans-
actions in disaggregated memory environments.

6.1 Methodology

6.1.1 Experimental Platforms. We conduct our primary
performance evaluation using a detailed system simulator,
Gemb (v21.2) [11, 32, 56]. To capture the diversity of potential
deployments, we evaluate two representative disaggregated
memory architectures derived from recent academic and
industry proposals:

o CXL-F: A fast, switch-based topology modeling a light-
weight disaggregated architecture [35]. It features lower
latencies, representing systems where compute and
memory servers are in close proximity.

e CXL-S: A rack-scale architecture with higher network
latency, based on performance studies from Micron
and AMD [12]. This configuration represents a larger,
more scaled-out deployment.

To validate the implementation feasibility and quantify
the hardware overhead of our proposed switch modifications,
we develope a hardware prototype of Fanmem on a Xilinx
U250 FPGA [5]. The design is synthesized using the Xilinx
Vitis HLS flow and meets a target frequency of 413 MHz.
This prototype provides the basis for the hardware resource
consumption analysis presented in Section 6.9 and confirms
that our design is practical and lightweight.

6.1.2 System Configuration. Table 1 summarizes the key
parameters of our simulated system, configured to reflect a
modern datacenter server. The compute server is equipped
with out-of-order CPUs and a standard cache hierarchy. We
model three types of memory technologies for the mem-
ory server to analyze Fanmem’s performance across differ-
ent hardware generations: high-performance UPS-backed
DRAM, legacy Persistent Memory [66], and a CXL-attached
memory-semantic SSD (CMM-H) [68]. The specific laten-
cies for the CXL fabric and memory servers are detailed in
the table and are derived from published measurements and
projections [35, 37, 54, 66, 68]. The latencies for Fanmem’s
components are confirmed by the FPGA-based prototype.
The pLAT and pLWST are configured with 32 entries. We
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recommend sizing these structures to match the number of
cores available on the compute server.

Table 1. System configuration parameters

Component Parameter

CPU Out-of-order X86 cores@4GHz, 36 cores
L1 Cache Private 48KB L1D, 32KB L1I per core

L2 Cache Private 2MB per core

L3 Cache Shared 60MB

Local DRAM DDR4@2400MHz; 14-14-14-32-15 timings
CXL Fabric PCle 6.0, 16x lanes (128GB/s)

Compute server to CXL switch: 80ns
CXL-F: Switch to memory server: 115ns
CXL-S: Switch to memory server: 445ns

UPS-backed DRAM: Same as local DRAM
PM: 150ns/500ns read/write latency [66]
CMM-H: 728.9ns access latency [68]

LAT: 32,768 entries, 6 cycles lookup
LWST: 32,768 entries, 2-3 cycles update

Memory Server

Fanmem

6.1.3 Workloads. In line with recent studies [14, 15, 19,
57, 66], we select a diverse set of workloads to comprehen-
sively evaluate Fanmem across various transactional patterns
from the STAMP benchmark [44]. We also evaluate a broadly
used [14, 39, 59, 62, 70] online transaction processing appli-
cation, TPC-C [1]. Consistent with previous work [14], we
configure 95% of payment, 2% of new order, and 3% of de-
livery transactions. Table 2 lists the applications. By default,
a single-threaded configuration is used, and Section 6.3 re-
ports multi-threading results. The applications’ heap data
is placed on the disaggregated memory using libvmem [3],
while other data, such as stack variables, remain in the local
memory on the compute server.

Table 2. Applications used in evaluation

Applications Description

genome (ge) Construct gene sequence

intruder (in) Detect network intrusion

kmeans-low (kl) K-means clustering

kmeans-high (kh) | K-means with higher contention

labyrinth (la)

Routing in a maze

ssca2 (ss) Large directed graph representation

vacation-low (vl) | Transaction processing system

vacation-high (vh) | High contention transaction processing

yada (ya) Delaunay mesh refinement algorithm

TPC-C (tp) Online transaction processing

ASPLOS °26, March 22-26, 2026, Pittsburgh, PA, USA

6.1.4 Evaluated Schemes. We compare Fanmem against
state-of-the-art schemes to provide a robust evaluation:

e SpecPMT [66]: The default baseline. A state-of-the-art
speculative logging scheme.

e Crafty [19]: A state-of-the-art undo logging scheme.

e SPHT [14]: A state-of-the-art redo logging scheme that
blocks the software until transaction commits.

e DudeTM [39]: A state-of-the-art asynchronous redo
logging scheme that persists data and logs asynchronously.

e PMNet [48]: Extending the persistence domain to net-
work by attaching persistent memory to the NIC.

e No-log: Transaction without logging and persistence.

e Fanmem: The proposed system that accelerates SpecPMT.

6.2 Overall Performance

Fanmem outperforms the baseline on both CXL-F and CXL-
S architectures, achieving an average throughput of 1.2x
and 1.7X, respectively, as illustrated in Figure 11. The sig-
nificantly higher throughput improvement observed on the
CXL-S architecture can be attributed to Fanmem’s core de-
sign principles. The increased latency from the switch to
the memory server allows Fanmem to effectively hide more
latency, resulting in improved performance.

& PMNet & SPHT

@) Crafty

B DudeTM ® Fanmem

Normalized throughput
over baseline SpecPMT

Figure 11. Normalized throughput over the baseline on CXL-
F (left) and CXL-S (right) architectures. gm denotes geomean.

Fanmem achieves higher throughput in applications with
small working sets and short transactions. For instance,
labyrinth, which has the largest working set (433 and 458
cache lines for read and write) and the highest number of
instructions (219,571 instructions) per transaction, results
in a negligible proportion of log persistence time relative to
total execution time. Consequently, Fanmem’s optimization
of log persistence has minimal impact on its performance.
In contrast, ssca2 has the smallest working set (10 and 4
cache lines for read and write) and the lowest number of
instructions (50 instructions) per transaction, resulting in
a relatively long logging time and a maximum throughput
of 3.1x over the baseline. genome, similar to intruder, has a
medium-sized working set (98 and 15 cache lines for read
and write) and slightly more instructions (1,717 instructions)
than ssca2. As a result, the logging time is lower compared
to ssca2, leading to an average acceleration effect.

The asynchronous transaction DudeTM maintains a par-
tial copy of disaggregated memory in local DRAM. When
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the system encounters data not present in the local DRAM,
it triggers a page fault, copying the page from disaggregated
memory to the local DRAM, causing serious write amplifica-
tion and resulting in poor performance.

Fanmem considerably outperforms all other schemes, as
shown in Figure 11. On average, it achieves 1.5X and 2.1X
higher throughput over Crafty on two CXL platforms, 2.0X
and 3.0x over SPHT, and 1.6X and 1.7X over DudeTM.

To further analyze the sources of Fanmem’s performance
gains, Figure 12 presents a breakdown of the transaction
execution time (i.e., from tx_begin() to tx_end()) for each
benchmark, comparing Fanmem against the SpecPMT base-
line. By default, Fanmem performs polling at the beginning
and end of each transaction to monitor persistence progress
and commit transactions when ready. This breakdown dis-
tinguishes the time spent on core transaction logic from the
overheads introduced by supporting operations such as log-
ging and polling. The figure shows that SpecPMT incurs a
majority (53.3%) of its execution time on logging. Thanks to
its asynchronous persistence, Fanmem reduces the logging
time by 71%, while adding a polling overhead of only 0.7%.

& SpecPMT: Transaction logic & SpecPMT: Logging
) Fanmem: Transaction logic &) Fanmem: Logging

100% .

50%

Transaction breakdown

Bl [N |
0% NN NN NN
¢ &

& NS & RN RN £ )

Figure 12. Transaction execution breakdown on the CXL-S
configuration. Polling incurs negligible overhead.

6.3 Scalability

Fanmem demonstrates clear throughput superiority over
traditional persistent memory transaction schemes, espe-
cially in small-scale settings in TPC-C. Figure 13 illustrates
the throughput of various schemes. The figure shows that
apart from Fanmem and SpecPMT, the throughput of other
schemes stalls at 16 or more threads. Fanmem’s throughput
continues to increase to 32 threads, where it achieves 1.4x
to 5.3% higher throughput compared to other schemes.

The degree of write amplification negatively correlates
with scalability, indicating it is a major factor. For example,
despite DudeTM’s reliance on asynchronous transactions to
reduce log persistence overhead, it incurs 4-6x write amplifi-
cation by maintaining duplicate copies of both data and logs
in its shadow memory. SPHT also relies on shadow memory
and replays logs to persistent memory, and Crafty avoids
shadow memory overhead through re-execution, but they
require persisting both logs and data, resulting in at least 2x
write amplification. Fanmem and SpecPMT do not maintain
shadow memory or data copies, hence their write ampli-
fication is low, allowing them to be scalable. Furthermore,
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Fanmem forwards log write requests non-blockingly via the
CXL switch, hence it improves throughput over SpecPMT.

- -O- SpecPMT SPHT DudeTM
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Figure 13. Transaction throughput under CXL-S configu-
ration as the number of threads increases. Normalized to
single-threaded SpecPMT.

Fanmem’s architecture is inherently extensible. For heav-
ier transactional loads, the system can scale out by deploying
additional Fanmem-enabled CXL switches. This modularity
is critical for maintaining high throughput in large-scale
disaggregated environments. Another option is to use the
dynamic fallback mechanism (Section 4.5) under contention.

6.4 Transaction Schemes

We apply Fanmem’s acceleration on SPHT, demonstrating
its applicability. As shown in Figure 14, Fanmem-SPHT out-
performs the vanilla SPHT by 1.3x and 1.8% on the two CXL
configurations. Additionally, Fanmem achieves an average
throughput of 1.6X and a maximum throughput of 3.0 over
Fanmem-SPHT, suggesting that speculative logging is a more
performant choice when combined with Fanmem.
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Figure 14. The throughput of Fanmem-accelerated
SPHT (Fanmem-SPHT) compared to SPHT on CXL-F (left)
and CXL-S (right) architectures. gm denotes geomean.

6.5 Sensitivity Analysis

6.5.1 Latencybetween CXL Switch and Memory Server.
Fanmem achieves higher throughput when the latency be-
tween the switch and memory server increases, as the base-
line solution devotes more execution time to flushing data to
the disaggregated memory in such scenarios. As shown in
Figure 15, Fanmem achieves 1.1X to 2.0x higher throughput
than the baseline, SpecPMT, on average when latency in-
creases from 45ns to 745ns. The throughput increases largely
linearly with the increase in latency, highlighting Fanmem’s
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efficiency and trend in reducing the impact of latency on
overall performance.
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Figure 15. Throughput sensitivity to the latency between the
CXL switch and the memory server. gm denotes geomean.

Crafty and SPHT achieve stable throughput over the base-
line when the latency increases. In contrast, the asynchro-
nous schemes, Fanmem and DudeTM, effectively hide the
latency and achieve higher throughput when the latency
rises from 45ns to 745ns. For instance, DudeTM’s through-
put improves from 0.7X to 1.1X over this latency range.

The applications can be categorized into two groups based
on their sensitivity to the latency between the switch and
memory server. The first group, including labyrinth and yada,
is less sensitive to latency changes, with speedup variations
of less than 30% when using Fanmem. These applications
have large working sets and long transactions, and variations
in latency have a minimal impact on the overall execution
time. The second group, exemplified by ssca2, exhibits a
noticeable throughput increase of 315% with Fanmem. For
instance, Fanmem achieves 1.3 higher throughput on ssca2
with 45ns latency between the switch and memory server,
which increases to 4.4X with 745ns latency. This application
devotes more time to log persistence due to its small working
set and short transactions, providing ample opportunity for
Fanmem to hide the persistence latency.

6.5.2 Latencybetween Compute Server and CXL Switch.
The performance gains of all transaction schemes are largely
stable because both the baseline and the other schemes suffer
from similar performance losses when latency increases. Fan-
mem’s performance gain ranges from 1.7X to 1.6X, despite
the latency between the compute server and CXL switch
varies from 40ns to 160ns, as illustrated in Figure 16 (e). Fan-
mem’s performance declines as latency between the compute
server and the CXL switch increases. This insight suggests
that it is beneficial to position the CXL switch close to the
compute server. In data centers, an optimal placement of
CXL switches is on the same rack as the compute server,
minimizing latency and maximizing performance.

Some applications, such as yada, are less sensitive to the
latency between the compute server and CXL switch. This
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Figure 16. Throughput sensitivity to the latency between
the compute server and the CXL switch. The performance
gain is more pronounced with a low-latency interconnection.
gm denotes geomean.

insensitivity occurs because they devote most of their exe-
cution time to computation rather than log persistence.

However, the speedup can substantially drop when the
latency increases. For example, Fanmem accelerates ssca2
by 3.8x with the lowest latency but only by 2.5x with the
highest latency. This occurs because ssca2 devotes most of its
execution time to log persistence, and the increased latency
adds overhead when sending the log to the switch.

6.5.3 LoggingPressure. To evaluate the performance sen-
sitivity to logging pressure intensity, Figure 17 shows Fan-
mem’s improvement over SpecPMT configured with varying
identical log sizes. Expanding the log size from 1Xx to 8%
increases the execution time of both schemes, but Fanmem’s
more efficient logging allows it to increase its throughput
over SpecPMT (from 1.7X to 2.2X) as the log size increases.
This result highlights the increasing importance of Fanmem’s
optimizations as log sizes get larger.

@ 1xlog size @ 2x log size

27727777771
7727777 777]

Normalized throughput
over baseline SpecPMT

Figure 17. Throughput sensitivity to different log sizes on
the CXL-S architecture. gm denotes geomean.

6.5.4 pLAT and pLWST Size. The sizes of pLAT and
pLWST constrain the number of concurrent threads utilizing
Fanmem’s optimizations. If threads exceed these entries, Fan-
mem falls back to the default software-only logging scheme,
resulting in smaller performance gains. Thus, ensuring suf-
ficient pLAT and pLWST sizes is important to maximize
Fanmem’s benefits. Figure 18 shows that as both structures
scale from 0 to 32 entries, Fanmem’s throughput relative to
the baseline SpecPMT increases from 1.0X to 1.4X. With 0
entries, Fanmem achieves identical performance to SpecPMT.
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Figure 18. Throughput sensitivity to the size of pLAT and
pLWST on the CXL-S configuration. Normalized to single-
threaded SpecPMT.

6.5.5 Types of Memory. As illustrated in Figure 19, Fan-
mem demonstrates substantial throughput improvements
across all memory technologies, though with varying de-
grees of enhancement. As memory access latency increases
from UPS-backed DRAM to PM to CMM-H, the relative ben-
efit of eliminating persistency operations from the critical
path diminishes, as the performance bottleneck shifts from
persistency operations to the inherent memory technology
latency. Specifically, Fanmem achieves throughput improve-
ments of 65.6% on UPS-backed DRAM servers, 59.3% on PM
servers, and 43.6% on CMM-H servers compared to the base-
line SpecPMT with the same memory technologies.
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Figure 19. Throughput sensitivity to different memory tech-
nologies on the CXL-S architecture. gm denotes geomean.

6.6 Commit Latency Breakdown

Figure 20 illustrates how the polling frequency affects trans-
action commit latency and decomposes this latency into five
components: polling, transaction logic, log offloading, log
persistence, and the waiting period from persistence com-
pletion to the subsequent polling event. By default, Fan-
mem polls persistence progress twice per transaction at
tx_begin() and tx_end() respectively. Under this config-
uration, polling constitutes only 0.5% of total commit la-
tency, while transaction logic, log offloading, and log per-
sistence account for 24.6%, 10.5%, and 25.3%, respectively.
The remaining 39.1% represents the waiting period. Increas-
ing polling frequency from two to six polls per transaction
by inserting more polling invocations in the transactions
raises polling overhead from 0.5% to 1.5%, yet reduces over-
all commit latency by 25.6%. This reduction stems primarily
from a 67.3% decrease in waiting period, demonstrating that
more frequent polling substantially mitigates the latency
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between persistence completion and commit confirmation,
thereby lowering overall commit latency. However, exces-
sive polling may consume substantial CXL bandwidth and
CPU resources, potentially causing the latency introduced
by polling to outweigh the latency benefits achieved.

As thread count increases, transaction commit latency
grows due to thread contention, which consequently reduces
polling’s relative proportion. Simultaneously, higher thread
counts amplify polling frequency, thereby reducing the wait-
ing period for commit. For example, compared to single-
threaded execution, 32-threaded TPC-C exhibits a polling
overhead reduction from 0.8% to 0.6%, while the waiting
period shows a dramatic decrease from 20.9% to 0.5%.

6.7 Overhead over Logless Execution

While state-of-the-art transaction schemes such as Crafty
and SPHT incur considerable overhead (3.4X and 4.8X on
average), Fanmem mitigates most of the overhead, resulting
in only a 60.1% increase in execution time for logging and
persistence, as shown in Figure 21.

6.8 Recovery

The recovery progress of Fanmem is mostly the same as that
of SpecPMT and SPHT, with additional timestamp checks.
We inject random failures according to prior work [59].
During recovery, the system retrieves the most recent per-
process timestamp from the memory server and replays all
committed log entries whose timestamps precede this value,
thereby restoring consistent states on the memory server.
The timestamp comparison introduces modest overhead,
causing Fanmem to exhibit 6.4% and 2.5% longer recovery
times compared to SPHT and SpecPMT, respectively. Since
system failures occur infrequently and recovery executes
outside the critical path of normal program execution, this
minimal overhead does not impact overall system perfor-
mance. Moreover, the recovery process supports paralleliza-
tion by replaying independent logs concurrently, which can
further reduce recovery latency.

6.9 Hardware Resource and Power Consumption

The entire design of Fanmem requires a modest 2,590 Flip-
Flops (FFs), 3,361 Look-Up Tables (LUTs), and 594KB of on-
chip Block RAM (BRAM), corresponding to just 0.1%, 0.2%,
and 8.5% of the total resources available on the U250 FPGA,
respectively. LAT utilizes 1,475 FFs, 1,949 LUTs, 269KB BRAM,
and requires 6 cycles for lookup, while LWST utilizes 673 FFs,
1,056 LUTs, 325KB BRAM, and requires 2-3 cycles for update.
To place these figures in context, we compare Fanmem’s re-
source footprint with that of MiCache [60], a representative
memory-side cache. Despite a comparable BRAM utiliza-
tion (106.5%), Fanmem consumes less logic, using only 86.3%
of the FFs and 54.2% of the LUTs required by MiCache. This
comparison highlights the lightweight nature of Fanmem
relative to a full-fledged caching system.
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Figure 20. Commit latency breakdown on the CXL-S configuration. 2/tx, 4/tx, and 6/tx represent the polling frequency (poll 2,
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Figure 21. Slowdown of various transaction schemes relative
to a No-log baseline on the CXL-S configuration. Lower is
better. gm denotes geomean.

Consistent with prior works [34, 63, 64], we use CACTI
7.0 [9] to estimate the silicon area and the power consump-
tion of the core components of an ASIC implementation of
Fanmem. Fanmem requires 1.4 mm? of silicon area and 479.2
mW of static power under a 32 nm process technology. The
LAT uses 231 mW with 1.5 ns access latency, while the LWST
consumes 248.2 mW with 1.1 ns access latency.

7 Related Work
7.1 Persistent Memory Transaction Systems

The most relevant field to this work is persistent memory
transactions. We summarize them into two categories: soft-
ware and hardware persistent memory transactions. Table 3
lists representative software and hardware solutions.

Table 3. Comparison of different schemes

CPU Reduce -
Schemes Independent | CPU stall Scalability
SpecPMT [66] Yes No High
Crafty [19] Yes No Low
SPHT [14] Yes No Low
DudeTM [39] Yes Yes Low
PMNet [48] Yes Yes Low
ASAP [6] No Yes High
HOOP [13] No No High

l Fanmem ‘ Yes ‘ Yes ‘ High ‘

7.1.1 Software Persistent Memory Transactions. Re-
searchers have proposed optimizations for software persis-
tent memory transactions, which fall into three categories.

The first category employs asynchronous persistence to
remove persistency from the critical path [14, 30, 39, 42, 43,
48]. DudeTM [39] and SPHT [14] use out-of-place updates
with background persistence, but address redirection incurs
significant overhead [31, 66]. Kamino-Tx [42] achieves in-
place updates by tracking dependencies, yet access snooping
causes substantial slowdown. PMNet [48] leverages NIC-side
persistent memory but suffers from high write overhead.

The second category reduces data persistence and or-
dering overhead [16, 23, 43, 59, 66]. Mnemosyne [55] re-
duces ordering instructions for redo logging. LINVMM [23]
employs a log-structured tree with hash-based indexing.
Pronto [43] uses semantic logging to eliminate data persis-
tence. SpecPMT [66] uses logs for data recovery, eliminating
data persistence and reducing memory ordering.

The third category employs re-execution [7, 19, 24, 40, 43,
61]. Crafty [19] uses hardware transactional memory [15] to
re-execute write operations. Pronto [43] records operations
for checkpoint-based restoration. iDO [40], JUSTDO [24],
LP [7], and Clobber-NVM [61] rely on specific scenarios or
exploit idempotence, limiting their applicability.

These software methods are not designed for disaggre-
gated scenarios and cannot significantly reduce persistence
overhead in disaggregated memory systems. Fanmem elimi-
nates most of the overhead via switch-supported operations.

7.1.2 Hardware Persistent Memory Transactions. Hard-
ware schemes leverage hardware to achieve fine-grained
optimizations. While these solutions achieve promising per-
formance, they all require CPU modifications, making wide-
spread adoption difficult. In contrast, Fanmem offloads log
persistency to the CXL switch, avoiding any CPU modifica-
tions. Existing works fall into the following categories.

The first category employs hardware asynchronous persis-
tency [6, 13, 17, 45]. For example, HOOP [13] offloads logging
to the memory controller, and implements out-of-place data
modification and access redirection using an on-chip address
translation table. ASAP [6] determines the dependencies be-
tween log and data, leading to significant area cost (2.5% of
CPU area).

The second category reduces write overhead to improve
performance by minimizing unnecessary writes [26, 47, 50,
58, 65, 70] or coalescing log writes [26, 28, 65]. For example,
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ATOM [28] and Silo [70] reduce the write overhead by merg-
ing log entries. SLPMT [65] combines selective logging and
hardware persistent memory transactions to reduce logging
overhead, while further minimizing write overhead through
log merging and batching.

The third category reduces ordering overhead using fine-
grained barriers or hardware-enforced ordering without ex-
plicit instructions [25, 28, 45, 49-51]. For instance, EDE [51]
introduces instructions expressing log-data persistence con-
straints, allowing hardware reordering without store fences.

The fourth category employs a logless approach [21, 72].
Kiln [72] and LAD [21] use on-chip persistent buffers to hold
updates and apply them to persistent memory when the
transaction commits, avoiding the use of logs and reducing
memory write traffic. However, these logless approaches
require CPU modifications.

7.2 Whole System Persistence

Recent research has proposed mechanisms for Whole System
Persistence (WSP) for crash consistency [22, 27, 67, 69, 73].
PPA [67] replays unpersisted stores committed before fail-
ure. LightWSP [73] uses recoverable regions and achieves
persistence using a non-temporal data path. cWSP [69] par-
titions programs into idempotent regions for re-execution.
Capri [27] employs compiler-architecture co-design for effi-
cient recovery. Zhuque [22] preserves volatile architectural
state to restart execution after failure. While WSP guaran-
tees data consistency at the system level, it requires special
CPU architecture support.

7.3 Disaggregated Memory Reliability

Recent works addressing disaggregated memory reliability
include memory server redundancy [33], failure-resilient
memory management [71], and persistence extension into
network [48]. Most existing approaches safeguard specific
failure domains, e.g., memory server crash or network dis-
connect, rather than providing a unified transaction model
resilient to compute, network, and memory server failures.
Fanmem’s design uniquely ensures failure-atomic crash con-
sistency for all key components (compute server, switch,
and memory server) by maintaining logs within the remote
memory domain.

8 Conclusion

We propose Fanmem, the first failure-atomic transactions
designed specifically for CXL-based memory disaggregated
architectures. Fanmem provides efficient crash consistency
upon failures in compute servers, CXL switches, and memory
servers. The system achieves satisfactory performance by
efficiently offloading the time-consuming data persistence
to the CXL switch, effectively moving the associated latency
off the critical path of transaction execution. The evaluation

Cheng Chen et al.

confirms Fanmem’s efficiency on two representative CXL
platforms.
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