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Abstract
Distributed transactions on CXL memory pools allow hosts
to directly access shared data, bypassing message-based co-
ordination. However, the limited cross-host hardware cache
coherence (HCC) in CXL hinders synchronization for consis-
tency and concurrency control across large memory pools.
To overcome this limitation, we present XTRA, a novel syn-
chronization architecture that efficiently scales CXL dis-
tributed TRAnsactions. XTRA decouples the synchroniza-
tion state from individual data records, consolidating it into
a compact directory within the HCC region, while keeping
data in the large non-coherent pool. Distributed transactions
leverage this decoupled directory to coordinate concurrent
access across the entire shared pool. To ensure efficient and
consistent access, XTRA unifies cache coherence with con-
currency control by exploiting their semantic redundancy, di-
rectly repurposing transactional conflict detection to guaran-
tee cache freshness lazily upon read. Furthermore, by using
software mutual exclusion to manage the directory, XTRA’s
decoupled synchronization generalizes to commodity CXL
memory without HCC, while preserving upper-layer proto-
cols. Extensive evaluations demonstrate that XTRA improves
throughput by up to 15.6× over state-of-the-art systems and
reduces P50/P99 latency by up to 4.0×/283.9×.

CCS Concepts: •Computer systems organization→Dis-
tributed architectures; • Software and its engineering
→ Concurrency control.
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1 Introduction
Modern datacenters are generally constrained by the rigid
physical boundaries of monolithic servers, which isolate
memory and compute resources at the hardware node level.
Consequently, unused resources become stranded within
individual machines, leading to severe cluster-wide fragmen-
tation and low utilization [1, 28, 35, 48, 51]. While distributed
systems can leverage resources across multiple hosts by par-
titioning data and execution, the latency of network-based
coordination often becomes the performance bottleneck.
To eliminate this network bottleneck, Compute Express

Link (CXL) offers a new hardware substrate that breaks the
physical boundaries of individual servers [3, 16, 60, 73]. In a
CXL pod, multiple hosts are directly attached to a shared, TB-
scale memory pool via PCIe, enabling highly concurrent ac-
cesses and scalable resource sharing beyond a single machine.
These hosts use standard load/store instructions to access
CXL memory at cacheline granularity. Frequently accessed
lines can be cached in the local CPU L1/L2/L3 caches to re-
duce remote access latency. Compared with conventional
network-based coordination, a CXL pod provides an oppor-
tunity to redesign distributed systems around the shared
memory, with lower coordination overheads and a much
simpler access model [60, 61].
To ensure consistency and atomicity under concurrent

accesses, hosts in a CXL pod use distributed transactions to
read and write shared data structures in the CXL memory
pool. Each transaction ensures that the host executing it
observes a consistent read set and that its write set becomes
atomically visible at commit. By hiding the complexity of con-
currency control and consistency enforcement, distributed
transactions have become a foundational primitive in many
systems, including distributed file systems [6], databases [18],
and serverless platforms [21]. However, it is nontrivial to
design and implement efficient distributed transactions over
CXL-backed shared memory due to three key challenges.
C1: Limited support for cross-host hardware cache co-
herence (HCC).Distributed transactions rely on fine-grained
synchronization to detect read-write conflicts and serial-
ize concurrent updates across hosts [12, 55, 67]. However,
cross-host HCC is absent in CXL 2.0, and hence updates
made by one host are not automatically propagated to oth-
ers [61, 72]. Shared data may silently become stale in re-
mote CPU caches, and synchronization mechanisms such as
locks cannot rely on cache-coherent atomic operations like
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Compare-and-Swap (CAS) across hosts [18, 33, 40]. Although
CXL 3.0 introduces cross-host HCC, practical implementa-
tions are expected to support coherence for only a limited
region because the device-side snoop filter has limited track-
ing capacity [11, 18–20, 60]. Consequently, relying on global
HCC for transactional synchronization across a large shared
memory pool is impractical and inefficient.
C2: Prohibitive transactional coordination overheads.
Tigon [18] supports distributed transactions under limited
HCC by adopting the Pasha architecture [19], which we refer
to as on-demand sharing. It partitions data across hosts’ local
memory by default and, upon remote access, migrates target
records into the sharedmemory pool, while placing their syn-
chronization metadata in the pool’s limited HCC region. This
allows distributed transactions to use cache-coherent atomic
synchronization (e.g., CAS-based locks) on the migrated data,
but reintroduces message-based coordination for data migra-
tion on the critical path. Specifically, when the target record
is absent from the HCC region, the transaction needs to stall,
request migration from the owner host, and wait for both
data movement and metadata installation before proceed-
ing [18]. Transactional atomicity further amplifies this cost:
waiting for one migrated record prolongs the holding time
of other locks in the same transaction, thereby widening the
contention window and degrading system performance.
C3: Limited performance of CXL shared memory. Com-
pared with local DRAM, CXL memory incurs over 2× the
access latency [31, 60], thus slowing shared-data access and
increasing transaction latency. Moreover, CXL bandwidth
is constrained by PCIe links, thereby limiting transaction
throughput under high access concurrency.
Simultaneously resolving these challenges is difficult. To

address C2, a CXL pod needs to support a shared-everything
architecture, where any host can directly access any shared
data in the memory pool without relying on data partition-
ing across hosts or message-based coordination for remote
accesses. Moreover, to address C3, hosts should reduce CXL
accesses by caching frequently accessed shared data in local
CPU caches, which requires cross-host cache coherence to
prevent stale cachelines from violating transactional consis-
tency. However, under the conventional design assumption
that each record carries its own fine-grained synchronization
state, achieving both goals would require transactional con-
currency control (C2) and cache coherence (C3) across the
entire shared pool. This is impractical because CXL hardware
cannot scale HCC beyond a limited region (C1).

To resolve this tension, we observe that the conventional
design’s reliance on per-record synchronization state is un-
necessary and inefficient. Specifically, although any record
may require synchronization over time, the number of records
participating in active concurrent synchronization at any
given moment is limited. Thus, a bounded amount of syn-
chronization state is sufficient and can be dynamically asso-
ciated with active records across the entire memory pool.

Based on this insight, we present XTRA to efficiently
scale distributed transactions in HCC-constrained CXL pods.
XTRA adopts a shared-everything architecture where shared
data resides in a large non-coherent pool, while synchro-
nization state is decoupled from individual data records and
consolidated into a compact Coordination Directory (CD).
Each shared object is deterministically mapped to a CD slot,
with the slot’s lock and version state serving as a synchro-
nization proxy for the object under XTRA’s optimistic con-
currency control (OCC). In CXL 3.0, XTRA places the CD in
the limited HCC region and uses atomic CAS instructions for
synchronization. As a result, limited HCC no longer bounds
the amount of protected data, but only the amount of active
synchronization. This enables a small coherent control plane
to coordinate accesses to TB-scale shared data. In CXL 2.0
without HCC, XTRA manages the CD with software mutual
exclusion, preserving generality across CXL generations.
XTRA further enables hosts to cache shared data in lo-

cal CPU caches and DRAM for low-latency access. Because
shared data resides in the non-coherent pool, remote updates
can silently render local cached copies stale, while eagerly
broadcasting invalidation messages to other hosts on each
update would reintroduce substantial overhead [23, 29, 53].
Our key insight is that cache coherence and transactional
OCC encode overlapping validity semantics: if a transaction
validates that a shared object’s version is unchanged, its
cached copy is also fresh. XTRA exploits this redundancy
to unify cache coherence with OCC, using transaction-level
version validation to detect and invalidate stale local cached
copies lazily on read, rather than eagerly invalidating remote
caches on write. This unified coherence avoids HCC depen-
dence while preserving correct and efficient local caching.

In summary, this paper makes the following contributions:
•We present XTRA, a shared-everything distributed trans-

action system for CXL pods with limited HCC, enabled by
decoupling synchronization from data to provide scalable
concurrency control over large CXL memory pools.

• We introduce a unified coherence mechanism that ex-
ploits the semantic redundancy between cache coherence
and OCC, enabling efficient local caching for shared data in
CXL memory through lazy on-read cache invalidation.

• We implement and generalize XTRA across CXL 3.0
and non-coherent CXL 2.0, and demonstrate up to 15.6×
higher throughput with 4.0×/283.9× lower P50/P99 latency
than state-of-the-art systems. The source code of XTRA is
publicly available at https://github.com/cszjyang/xtra.

2 Background and Motivation
2.1 Cross-Host Shared Memory in a CXL Pod
Compute Express Link (CXL) builds on PCIe infrastructure
and provides cache, memory, and I/O protocols for communi-
cation between processors and attached devices. Specifically,
the CXL.mem protocol allows a host CPU to map device
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memory into its physical address space and access it via
ordinary load/store instructions. A CXL pod extends this
model by connecting multiple hosts to a shared CXL mem-
ory pool [18, 57, 72, 73]. Recent systems support up to 16
hosts and 8 TB of pooled memory [60]. Compared with prior
RDMA-based distributed shared memory [32, 39, 45], CXL
can provide 3–10× lower access latency [61]. Moreover, to
exploit locality and improve CPU pipeline efficiency, recently
accessed data in CXL memory can be cached in CPU caches
at cacheline granularity. Consequently, a CXL pod enables
distributed systems to replace message-based remote access
with direct shared-memory reads and writes, reducing coor-
dination overheads and simplifying programming.
However, the shared-memory abstraction provided by a

CXL pod is incomplete. CXL 2.0 supports memory pool-
ing, but does not provide hardware cache coherence across
hosts [61, 73]. A line cached by one host is hence not auto-
matically invalidated when another host updates the same
line. As a result, a host may silently observe stale data from
its local CPU caches. Beyond stale reads, the lack of HCC
risks data corruption during concurrent updates: CPUs write
back to CXL memory at cacheline granularity, so concur-
rent writebacks from different hosts updating distinct bytes
in the same cacheline can blindly overwrite one another.
More importantly, standard synchronization primitives like
Compare-and-Swap (CAS) fail across hosts, since they re-
quire a coherent memory view and cross-host atomicity.
CXL 3.0 partially addresses this limitation by introduc-

ing device-mediated cross-host coherence. The device-side
snoop filter [11] tracks which hosts cache which shared lines
and issues back-invalidations on writes, thereby enabling
coherent sharing and standard atomic operations within
the tracked region. This tracking state grows with the num-
ber of hosts and tracked cachelines. However, implemented
in limited on-device SRAM, the snoop filter cannot extend
this tracking to the full TB-scale memory pool [7, 19, 37].
Consequently, existing schemes and vendor guidance expect
hardware coherence to cover only a limited hardware-cache-
coherent (HCC) region (e.g., hundreds of MB [15, 18, 20]),
leaving the remaining large capacity as non-hardware-cache-
coherent (NHCC) memory [18, 20, 40, 60].

2.2 Distributed Transactions in a CXL Pod
Managing data in a CXL memory pool shared across hosts re-
quires distributed concurrency control and atomic visibility
of updates. Distributed transactions naturally provide this
abstraction, allowing hosts to concurrently read and update
shared data while preserving serializability and atomicity.
Each transaction observes a consistent read set, and its write
set becomes atomically visible at commit.

To detect read-write conflicts and serialize concurrent up-
dates, conventional transaction designs typically provision

fine-grained synchronization metadata (e.g., locks and ver-
sions) per data record. This design relies on available synchro-
nization substrates. Specifically, single-node systems [30, 36,
49, 52, 64] leverage cross-core cache coherence to atomically
manipulate metadata and guarantee data consistency, while
distributed systems coordinate via message passing [10, 22,
41, 47, 65, 66] or one-sided RDMA atomic primitives [12, 43,
55, 56, 67, 68] to acquire locks and fetch data.
However, a CXL pod cannot support these conventional

designs across the entire shared pool, as their synchroniza-
tion state scales with the managed data. While CXL exposes
a shared-memory load/store interface, HCC covers only a
limited region in CXL 3.0 and is entirely absent in CXL 2.0.
Consequently, remote updates can silently render shared
data cached in local CPU caches stale, compromising transac-
tional consistency. Furthermore, conventional synchroniza-
tionmechanisms such as locks cannot rely on cache-coherent
atomic primitives like CAS across hosts. Thus, distributed
transactions in a CXL pod cannot rely on globally coherent,
fine-grained synchronization across the entire shared pool.
To cope with limited HCC capacity in a CXL 3.0 pod,

Tigon [18] adopts an on-demand sharing architecture. In-
stead of placing all shared data in the CXL pool, Tigon par-
titions ownership across hosts, keeping partitions in local
DRAM by default. When a transaction needs a remote object,
it first probes the shared HCC region. On a hit, it accesses
the shared copy and acquires its lock via CAS for concur-
rency control. On a miss, the transaction stalls, requesting
the remote owner host to migrate the object into the shared
pool and install synchronization metadata in the HCC re-
gion. If the HCC region is full, the owner evicts objects to
make room. Tigon represents an important milestone for dis-
tributed transactions in CXL pods by demonstrating how a
limited HCC region can support cross-host synchronization
for an active subset of records. However, avoiding full-pool
coherence comes at the cost of placing remote coordina-
tion and data migration on the critical path whenever an
HCC miss occurs. Since practical HCC capacity is limited to
hundreds of MB [18, 20], far smaller than the TB-scale CXL
memory pool, HCC misses become increasingly common as
the shared dataset grows. Because of transactional atomicity,
each transaction is bottlenecked by its slowest access. Even
if all but one of its accesses to remote objects are HCC hits,
that single miss still triggers remote coordination, forcing
the transaction to hold locks already acquired on other ob-
jects throughout the long migration delay, thereby blocking
concurrent transactions and limiting system throughput.
Evaluating Tigon using a YCSB-style [9] key-value store

(KVS) on our CXL testbed (§5.1) quantifies these prohibitive
coordination overheads. KV pairs are partitioned across 8
hosts, and each transaction accesses 10 keys following a Zip-
fian distribution (𝜃 = 0.7). The HCC capacity is limited to
200MB [18]. Fig. 1a reveals severe performance degradation
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Figure 1. Performance of Tigon under a KVS workload.

as the dataset size increases. Tigon achieves peak through-
put at 2.4M keys, where the working set’s synchronization
metadata fits within the HCC region and distributed transac-
tions rarely incur migration. However, as the dataset grows
to 5M and 40M keys, the working set exceeds the 200MB
HCC budget. Throughput drops by 4.3× and 30×, while P99
latency rises by 4.2× and 588×, respectively. Fig. 2a explains
this degradation. We define a transaction as achieving a Per-
fect Hit when all of its remote key accesses are HCC hits,
thus requiring no migration. As the dataset scales up, the
per-key hit ratio decreases from 100% to 34%, while the Per-
fect Hit ratio collapses to near zero. Consequently, migration
becomes frequent, and stall time accounts for over 90% of
transaction latency. We next isolate the impact of transaction
length. As shown in Fig. 2b, when we fix the dataset at 10M
keys and vary the number of keys accessed per transaction
from 1 to 9, the Perfect Hit ratio drops exponentially from
70% to 6%, despite the per-key hit ratio remaining at 70%.
This causes stall time to account for over 87% of transaction
latency, translating to a 6.8× decrease in throughput and a
182× increase in P99 latency (Fig. 1b).

These results reveal structural limitations of on-demand
sharing. First, its scalability is constrained by the large capac-
ity gap between the limited HCC region and the much larger
shared memory pool. Once the working set exceeds HCC ca-
pacity, the coordination and migration overheads dominate
transaction execution. Second, the penalty grows dispropor-
tionately with transaction length, since longer transactions
are increasingly unlikely to achieve a Perfect Hit and there-
fore more likely to stall while waiting for remote coordina-
tion. Moreover, ownership partitioning ties the availability
of each partition to its owner host. If a host fails, the data in
its partition cannot be migrated on demand, preventing other
hosts from accessing the partition and blocking distributed
transactions that depend on it. Finally, the reliance on CXL
3.0 HCC for atomic locking renders the design inapplica-
ble to widely deployed CXL 2.0 platforms, which provide
memory pooling but no HCC.

2.3 Toward Shared-Everything CXL Transactions
Overcoming these limitations requires a shared-everything
architecture, allowing hosts to directly access shared data
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Figure 2. Root-cause analysis of Tigon via internal metrics.

in the CXL memory pool without relying on ownership
partitioning or critical-path data migration. However, sim-
ply placing data in the CXL pool is not enough, since dis-
tributed transactions require cross-host concurrency control.
Conventional designs provision synchronization metadata
per record. Applying these designs in a shared-everything
CXL pod requires cache-coherent atomics for this per-record
metadata, generating a synchronization footprint that scales
with the managed data and eventually exceeds the limited
HCC capacity. Moreover, serving every read directly from
CXL memory incurs high latency. Caching shared data lo-
cally is necessary for performance. However, without full-
pool HCC, remote updates can silently render shared data
cached in local CPU caches stale, thereby compromising
transactional consistency. To address these challenges, XTRA
is built on two core design principles:
Decoupling synchronization state from individual data
records. XTRA observes that while any record may require
synchronization over time, the number of records partici-
pating in active concurrent synchronization at any given
moment is limited. Exploiting this property, XTRA aban-
dons conventional per-record metadata. It retains data in
the large non-hardware-cache-coherent (NHCC) pool and
consolidates synchronization state (locks and versions) into
a compact Coordination Directory (CD). Distributed transac-
tions can thus leverage this compact CD for optimistic con-
currency control (OCC) to coordinate concurrent accesses
across the entire TB-scale NHCC shared memory. As a result,
limited HCC no longer bounds the amount of protected data,
but only the amount of active synchronization.
Unifying cache coherence with concurrency control.
Caching NHCC-resident data locally requires a coherence
protocol. XTRA observes that cache coherence and OCC
hinge on the same question: whether a record has changed
since its last read. For OCC, this check ensures a transaction’s
reads remain valid. For coherence, it ensures a cached copy
is not stale. Therefore, XTRA unifies the two mechanisms
by repurposing OCC version validation as a lazy coherence
check. During access, an unchanged CD version guarantees
both that the OCC read is valid and the cached copy is fresh
for reuse. Otherwise, a version change triggers local cache
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Figure 3.Overview of XTRA. CD synchronization uses HCC
atomics in CXL 3.0 or software mutual exclusion in CXL 2.0.

invalidation. This design preserves efficient cache coherence
without full-pool HCC.

3 XTRA Overview
Fig. 3 shows XTRA’s overall architecture. The CXL shared
memory is organized into two logical regions: a large data-
plane NHCC region and a small control-plane Coordination
Directory (CD). The NHCC region stores shared data tables
and indexes (e.g., B+-trees). Each shared object (e.g., a data
record or an index node) is deterministically mapped to a CD
slot that stores the lock and version state used for synchro-
nization (§4.1). To ensure consistency, threads across hosts
access shared objects through XTRA transactions, which
leverage the corresponding CD locks and versions to detect
conflicts and serialize commits (§4.2). Committed updates ad-
vance the corresponding CD versions. XTRA further reuses
these versions as lazy coherence signals, invalidating stale
copies in local CPU caches when version validation detects
a remote update (§4.3). In CXL 3.0, XTRA places the small
CD in the limited HCC region to enable atomic primitives
such as CAS. In §4.4, we further generalize the same CD
abstraction to CXL 2.0, where HCC is absent, using soft-
ware mutual exclusion. Finally, XTRA stores redo logs in
the shared NHCC region, enabling recovery from the shared
pool while preserving transactional atomicity (§4.5).

4 XTRA Design
4.1 Coordination Directory Structure and Mapping
To scale transactional synchronization beyond the coherence-
capacity limit of a CXL pod, XTRA abandons the conven-
tional design of provisioning synchronization metadata for
each data object. Instead, XTRA decouples synchronization
metadata from individual objects and consolidates it into
a compact Coordination Directory (CD), while leaving data
objects and index nodes in NHCC memory.
Directory structure. The CD is a flat array of 64-bit slots.
As shown in Fig. 4, each slot encodes the synchronization
state for its mapped objects: a 50-bit version counter for
optimistic validation and lazy coherence, a 1-bit lock flag, a

Shared Objects 
in NHCC Region

Coordination 
Directory (CD)

Index nodes               Data records

…                        …

Slot 0 … Slot N-1
Lock Bit: 1b

Host ID: 5b

Thread ID: 8b

Version: 50b

64-bit Slot

Deterministic Mapping

Figure 4. Coordination Directory structure and mapping.

5-bit host identifier, and an 8-bit per-host thread identifier.
When the lock flag is set, the host/thread pair identifies the
lock holder. Currently, these fields support up to 32 hosts
and 256 threads per host, and can be adjusted for larger CXL
pod configurations.
Atomic abstraction.XTRA treats each CD slot as a logically
atomic synchronization unit. In CXL 3.0, the CD resides in
the limited HCC region, allowing transactions to manipulate
directory slots with cross-host coherent operations, such as
atomic Compare-and-Swap (CAS) for lock acquisition and
coherent loads/stores for version checks and updates. As
a result, limited HCC capacity bounds only the volume of
concurrent synchronization, rather than the total amount of
protected data in the TB-scale pool. In §4.4, we show how the
same atomic-slot abstraction extends to CXL 2.0, where HCC
is absent, using software mutual exclusion. This abstraction
hides hardware differences from the upper layers: both the
OCC protocol and the unified coherence protocol operate
on atomic directory slots regardless of whether atomicity is
provided by HCC or software.
Deterministic mapping. For decoupled synchronization
to be correct, every host must derive the same CD slot for
a given shared object (e.g., a data record or an index node).
We observe that, although the CXL memory may be mapped
at different virtual addresses on different hosts, an object’s
offset within the shared pool is invariant once the object is
allocated. Prior CXL-pod systems also rely on offset-based
addressing to maintain pointer consistency despite differing
virtual mappings across hosts [18, 40, 75]. XTRA therefore
uses the object’s offset pointer, i.e., its offset relative to a base
memory pointer in the shared CXL pool, as the canonical
identifier for directory lookup. Accordingly, XTRA maps
each object to a directory slot by hashing its pool offset:
slot = Hash(offset) mod 𝑁 , where 𝑁 is the number of CD
slots. This mapping is deterministic across hosts, requires
only constant-time computation, and does not depend on
application-specific semantics.
Correctness of decoupled synchronization. The key re-
quirement for any synchronization scheme is agreement: all
hosts must consult the same synchronization state for the
same shared object. Conventional methods satisfy this re-
quirement with a coupled design, where each object carries
its own synchronization metadata (e.g., an embedded lock
and version word). XTRA preserves the same agreement
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property with a decoupled design: every host deterministi-
cally maps an object to the same CD slot, and all synchro-
nization for that object is performed through that slot. As
a result, any two accesses that contend on the same object
necessarily contend on the same directory slot.

The inherent trade-off of this decoupled design is the pos-
sibility of CD-slot mapping collisions. When distinct objects
map to the same CD slot, they may incur false contention,
causing concurrent accesses to independent objects to be
conservatively serialized. However, because no true conflicts
are ever missed, these collisions affect only concurrency, not
correctness. Crucially, accepting this trade-off enables XTRA
to multiplex scarce HCC capacity across the TB-scale NHCC
pool. Rather than provisioning metadata for every stored
object, XTRA uses a bounded directory to cover only the
objects undergoing active synchronization. Consequently, the
directory size 𝑁 is determined by the expected concurrency
and available HCC budget, not by the total dataset size. For
example, an 8MB directory provides 106 64-bit slots. Even in
a large pod with 32 hosts and 256 threads per host, if all 8,192
threads concurrently execute transactions that each access a
dozen objects, the directory load factor remains below 10%,
limiting the likelihood of collision-induced false contention.

4.2 Decoupled Optimistic Concurrency Control
XTRA serializes distributed transactions with a decoupled
optimistic concurrency control (OCC) protocol over the CD.
Unlike conventional designs that associate locks and versions
with individual objects, decoupled OCC performs conflict
detection and commit serialization through the CD slots
to which those objects map. OCC is inherently well-suited
for this CD-based synchronization because it minimizes the
runtime impact of slot collisions. Since OCC reads remain
lock-free and depend only on version validation, slot colli-
sions do not introduce blocking on the read path. Further-
more, exclusive locks are acquired only for the write set and
deferred until speculative execution completes, thereby con-
fining collision-induced false contention to a brief commit
window rather than the full transaction lifetime. As a result,
decoupled OCC allows XTRA to use a compact directory
to coordinate transactions over a much larger shared pool,
while keeping the false contention caused by slot collisions
modest. For clarity, we first assume that each access to an
NHCC object returns a fresh value. §4.3 later shows how
XTRA enforces this property by unifying coherence with
OCC validation. As shown in Fig. 5, the transaction lifecycle
proceeds in three phases:
1. Execution. The transaction executes speculatively and
accesses objects in the NHCC region as needed. For each
access, the thread first resolves the target object’s offset in
the shared pool by traversing the shared index for a key
lookup, and then reads the corresponding CD slot. If the
slot is not locked, it reads the object and records the slot
version. If the slot is locked, another transaction may have

Transaction

CPU Cache

Commit
Txn begin

 Read  A,B,C

 Write A=A+C

 Write B=B-C

Txn commitSerialization point

Coord. Dir. 

NHCC Region

Execution

A CD Slot A DataA Coherence Check Lock Unlock A Redo Log

Validation

A

A

A

A
A

B

C
X

L
H

o
st

C

C

C

B

B

B

Fetch on cache misses

A B

A

C

C

B

B

Figure 5. The distributed transaction protocol of XTRA.

modified the target object; the current transaction thus aborts
and retries to avoid reading inconsistent data and violating
serializability. During this phase, XTRA acquires no write
locks. Any updates are buffered locally in the transaction’s
write set, which may overlap with the read set for read-
modify-write accesses.
2. Locking and validation. After speculative execution
completes, the transaction attempts to lock the CD slots cor-
responding to its write set. Locks are acquired using the
CD’s atomic-slot abstraction: CAS on CXL 3.0, or the soft-
ware exclusion mechanism described in §4.4 on CXL 2.0. If
any required slot is already locked by another transaction,
the lock acquisition fails and the transaction aborts. Once all
write locks are acquired, the transaction validates its read set
by checking that the mapped slots are unlocked (or locked
by itself) and the slot versions still match the versions ob-
served during execution. Any mismatch indicates that the
transaction’s read set may no longer be consistent, forcing
the transaction to release its write locks and abort.
3. Commit. After successful locking and validation, the
transaction has established its serialization point and can
commit. It first writes and flushes the transaction’s entire
redo log to the shared NHCC log area to enable transac-
tion recovery after a host failure (§4.5). It then applies the
buffered updates to the target NHCC objects, issuing cache-
line writebacks and ordering fences (e.g., CLWB and SFENCE)
to ensure the updates become visible in shared memory. Fi-
nally, the transaction releases each locked slot with a single
store that simultaneously clears the lock bit and advances
the slot version.

Despite decoupling synchronization from data, XTRA pre-
serves the same safety property as conventional OCC. Con-
sider two transactions, 𝑇1 and 𝑇2, with a read-write conflict
on an object 𝑂 . Because all hosts deterministically map 𝑂 to
the same CD slot,𝑇1 and𝑇2 are forced to coordinate through
the same lock and version state. If𝑇1 updates𝑂 and commits
first, it must hold the mapped slot lock during its update and
increment the version upon release. If 𝑇2 previously read 𝑂 ,
its read set is now stale. During its subsequent validation
phase, 𝑇2 will either encounter the slot as locked (if 𝑇1 is
still committing) or observe the version mismatch (if 𝑇1 has
finished). In either case, the conflict is detected, forcing 𝑇2
to abort rather than commit inconsistent data. Thus, the
CD slot acts as a logical proxy for the object, ensuring that
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any successful commit is based on a consistent read set and
providing atomic visibility for the write set.
Handling slot collisions. Because multiple objects may
map to the same CD slot, XTRA needs to handle both inter-
transaction and intra-transaction slot collisions. Consider
two distinct objects,𝑂1 and𝑂2, that deterministically map to
the same slot 𝑆 . Inter-transaction collisions arise when two
concurrent transactions access these independent objects,
e.g., 𝑇1 accesses 𝑂1 while 𝑇2 accesses 𝑂2. If both accesses are
reads, neither transaction aborts because OCC reads remain
lock-free and do not advance the slot version. However, if
either access is a write (e.g., 𝑇1 writes to 𝑂1), it must lock 𝑆
and advance the version upon commit. 𝑇2 may then observe
𝑆 as locked or detect a version change during validation,
forcing it to conservatively abort. Thus, under OCC, inter-
transaction slot collisions may induce false conflicts only
when the collision involves a write, affecting performance
rather than correctness.
Intra-transaction collisions occur when a single transac-

tion 𝑇 accesses both 𝑂1 and 𝑂2. If 𝑇 writes to both objects,
it will attempt to acquire the exclusive lock for 𝑆 twice. To
prevent 𝑇 from deadlocking with itself during these lock ac-
quisitions, XTRA treats slot locking as reentrant. If𝑇 already
holds the lock on 𝑆 for𝑂1, acquiring the lock for𝑂2 succeeds
automatically. This reentrancy introduces a visibility risk:
if 𝑇 were to release 𝑆 immediately after updating 𝑂1, this
would inadvertently expose an intermediate state before 𝑇
updates 𝑂2. XTRA’s commit protocol naturally avoids this
vulnerability, since locks are released only after the entire
write set is updated and made globally visible. This design
efficiently achieves reentrant locking for slot collisions with-
out the overhead of per-slot reentrancy counters.
Handling index operations. Because index nodes reside
in NHCC memory and may be concurrently modified, XTRA
coordinates index operations using an optimistic crabbing
protocol [27] adapted to CD-based decoupled synchroniza-
tion. Index modifications (e.g., inserts, deletes, and updates)
acquire exclusive locks on the CD slots of all index nodes
they modify. Like OCC reads, index searches traverse the
index without locking, but validate each pointer dereference
against the source node’s CD-slot state. Concretely, after fol-
lowing a pointer from a parent to a child, the search thread
re-checks the parent’s CD slot. If the slot is locked or its ver-
sion has changed, a concurrent update may have modified
the parent’s contents, potentially invalidating the traversal
path and forcing the lookup to restart from the root. This
protocol ensures that hosts locate needed objects based on a
consistent index traversal, while keeping searches lock-free.

4.3 Transaction-Driven Unified Cache Coherence
To reduce access latency, CXL allows host CPUs to automat-
ically cache frequently accessed shared-memory cachelines.
However, because XTRA places shared data in the NHCC
region to bypass hardware scalability limits, these cached

copies lack cross-host hardware coherence. Consequently, a
remote update may silently leave stale data in another host’s
CPU caches. If a transaction reuses such a stale cacheline,
it may observe an inconsistent read set and violate serializ-
ability. Naively enforcing software coherence would require
tracking active sharers and eagerly broadcasting invalidation
messages to remote hosts upon every commit [23, 29, 53],
reintroducing prohibitive coordination overheads.

To efficiently ensure cache coherence for NHCC-resident
data, XTRA exploits a key insight that there is a fundamental
semantic redundancy between cache coherence and OCC.
Both mechanisms hinge on answering the same question,
i.e., whether an object has changed since it was last read. In
OCC, this check determines whether a transaction’s read set
remains valid; in cache coherence, it determines whether a
locally cached copy remains fresh. Thus, if a CD slot version
is validated as unchanged for OCC, the same validation can
also serve as a cache-freshness signal for the corresponding
CPU-cached copy. Leveraging this redundancy, XTRA reuses
transactional version checks to ensure cache coherence lazily,
only when data is read, thereby eliminating the need for an
eager invalidation protocol.
However, repurposing transactional validation for cache

coherence reveals two scope mismatches. First, a tempo-
ral mismatch: OCC validation is transient, scoped strictly
to a single transaction’s lifetime, whereas cache coherence
requires continuous validity across the system lifetime. Sec-
ond, a spatial mismatch: while transactions provide logical
isolation across threads, the CPU last-level cache (LLC) is
physically shared among all threads on a host. Even when
a thread accesses an object for the first time, it may inad-
vertently consume a stale cacheline populated by a different
local thread’s prior access. Consequently, transaction-scoped,
thread-local OCC validation alone is insufficient to guarantee
coherence for NHCC data cached in the CPU caches.
Shadow Directory. To bridge the mismatches above and
realize unified coherence, XTRA introduces a Shadow Di-
rectory (SD), a host-local shared registry that transactions
consult to maintain coherence for CXL-resident data cached
in local CPU caches. First, the SD addresses the temporal mis-
match by tracking the most recently observed value of each
CD slot’s version (𝑉𝑠𝑙𝑜𝑡 ) using a corresponding local shadow
version (𝑉𝑠ℎ𝑎𝑑𝑜𝑤), thereby allowing coherence knowledge to
persist across transactions rather than disappearing after
OCC validation. Second, it addresses the spatial mismatch
by sharing object-level coherence state among local threads,
thereby allowing one thread to determine whether another
thread on the same host has already established coherence
for a target object under the current slot version.
As shown in Fig. 6, the SD resides in host-local DRAM

and structurally mirrors the shared CD: the 𝑖-th shadow slot
corresponds to the 𝑖-th CD slot. Each shadow slot comprises
an 8-byte header and a compact array of tracking entries.
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The header stores 𝑉𝑠ℎ𝑎𝑑𝑜𝑤 , a lock field for inter-thread syn-
chronization, and the number of valid tracking entries. Each
8-byte tracking entry records one NHCC object by storing
its 48-bit address, its 14-bit size in cacheline units, and a
2-bit access counter used for lightweight frequency-based
replacement when the array is full. The array size𝑀 is con-
figurable to match workload locality and memory budgets.
We currently set 𝑀=7 so that each shadow slot fits within
one 64-byte cacheline, enabling efficient per-access lookup.
Lazy invalidation protocol. XTRA avoids eager invali-
dation on remote updates because such invalidation is ex-
pensive and often wasteful if the updated data is not sub-
sequently consumed by the local host. Instead, it ensures
coherence lazily upon read, guaranteeing that transactions
never consume stale data. The key observation is that the
transaction read path already fetches the CD slot version for
OCC validation. XTRA therefore piggybacks its coherence
check on this existing version validation (Fig. 5), eliminating
dedicated coherence messages. The protocol handles three
distinct scenarios:
1. Access with tracked coherence. When a transaction
accesses an NHCC object, it first reads the object’s mapped
CD slot from CXL. If the CD slot is locked, the transaction
aborts. Otherwise, the thread compares the slot’s current
version 𝑉𝑠𝑙𝑜𝑡 against the shadow version 𝑉𝑠ℎ𝑎𝑑𝑜𝑤 stored in
the corresponding SD slot. If 𝑉𝑠𝑙𝑜𝑡 = 𝑉𝑠ℎ𝑎𝑑𝑜𝑤 , no remote
update has occurred on this slot. The thread then scans the
SD tracking entries under a read lock, which is efficient since
the shadow slot fits within a single cacheline. If the object
is already tracked (Thread B in Fig. 6), its CPU-cached copy
is guaranteed fresh. The thread safely accesses it via direct
memory loads and updates the entry access counter (if < 3)
using a lock-free CAS.
2. Sanitization for untracked objects. If 𝑉𝑠𝑙𝑜𝑡 = 𝑉𝑠ℎ𝑎𝑑𝑜𝑤
but the target object is not currently tracked in the SD
(Thread A in Fig. 6), XTRA cannot trust the host-local CPU
caches, since stale cachelines may exist due to prior accesses
or hardware prefetching. The thread therefore performs
sanitization-on-entry by first issuing CLFLUSH on the object’s
cachelines to invalidate any potentially stale cached copies,
and then installing a tracking entry for the object in the
SD. The invalidation ensures that the next load fetches fresh

data from NHCC memory. This sanitization-on-entry is per-
formed under the shadow-slot write lock, which safely ex-
cludes concurrent local accesses to the same shadow slot.
Once the installed entry becomes visible, subsequent local
threads can follow Step 1 and safely reuse the cached copy
without sanitization, provided 𝑉𝑠𝑙𝑜𝑡 =𝑉𝑠ℎ𝑎𝑑𝑜𝑤 .
3. Staleness resolution. If 𝑉𝑠𝑙𝑜𝑡 > 𝑉𝑠ℎ𝑎𝑑𝑜𝑤 , remote trans-
actions have updated objects mapped to this slot since the
host last established coherence under 𝑉𝑠ℎ𝑎𝑑𝑜𝑤 , potentially
leaving local cached copies stale. The thread then updates
𝑉𝑠ℎ𝑎𝑑𝑜𝑤 to𝑉𝑠𝑙𝑜𝑡 , clears all tracking entries under the shadow-
slot write lock, and falls back to Step 2. This ensures that
subsequent local threads cannot treat any object mapped to
the slot as coherence-validated under the new version before
re-establishing tracking via sanitization-on-entry.
Crash consistency. The SD requires neither persistence
nor recovery. If a host fails, both the SD in DRAM and the
host-local CPU caches are lost together. After restart, the
host begins with an empty SD and no residual cached state,
so coherence can be re-established from scratch without
additional recovery logic.
Optional host-local DRAM cache. While CPU caches of-
fer the lowest latency, their limited capacity can still lead
to hardware evictions of hot NHCC objects, forcing later
transactions to refetch the cachelines from the CXL mem-
ory pool. To mitigate these capacity misses, XTRA allows
hosts to optionally cache hot objects in host-local DRAM.
This DRAM cache requires no separate coherence protocol.
It reuses the same version-based lazy invalidation as CPU
caches by verifying the cached version against the mapped
CD slot’s current version 𝑉𝑠𝑙𝑜𝑡 on the OCC path. This tiered
hierarchy allows CPU caches to handle the hottest working
set while host DRAM absorbs capacity misses that would
otherwise incur CXL latency. As a pure performance opti-
mization, the DRAM cache can be selectively enabled based
on workload locality and update intensity.

4.4 Generalization to Non-Coherent CXL 2.0
XTRA leverages CXL 3.0 HCC and cross-host atomic CAS
to efficiently realize atomic CD slots, whereas CXL 2.0 pro-
vides neither cross-host coherence nor global atomics. To
generalize XTRA to CXL 2.0 without altering the upper-layer
decoupled OCC or unified coherence protocols, XTRA pre-
serves the same atomic-slot abstraction in software.
Software-managed atomic CD slots. In CXL 2.0, XTRA
places the CD in the NHCC region and adapts CD-slot access
in two ways. First, because NHCC-resident CD slots may be
stale in host-local CPU caches, XTRA explicitly invalidates
any cached copy before reading a slot (e.g., via CLFLUSH),
ensuring that lock and version checks observe the latest
shared state. Second, hardware CAS-based lock acquisition
is replaced by load/store-based software mutual exclusion.
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As shown in Fig. 7a, each CD slot is associated with a soft-
ware latch based on Lamport’s fast mutual exclusion algo-
rithm [25]. Competing threads first serialize through this
latch. The thread entering the critical section acquires the
slot lock if it is free, and then releases the latch. The latch pro-
tects only the slot’s lock-state transition, thereby providing
the atomic lock-acquisition step required by XTRA’s OCC
protocol. Like CD slots, the latch metadata resides in NHCC
memory and hence requires cache invalidation before reads.
Why decoupling makes software exclusion feasible.
Load/store-based mutual exclusion among 𝑁 participants
has an Ω(𝑁 ) space lower bound [8], as exemplified by the
flags 𝑏 [1..𝑁 ] in Fig. 7a. As discussed in §2.1, CPUs write back
to CXL memory at cacheline granularity. To prevent cross-
host blind overwrites, flags written by different hosts must
reside in separate 64 B cachelines. Consequently, the meta-
data footprint of a single software latch grows linearly with
the number of hosts, exceeding 512 B in an 8-host CXL pod.
In a conventional coupled design, provisioning this bloated
metadata for every protected data object would lead to pro-
hibitive memory amplification (Fig. 7b, top).
XTRA makes software exclusion practical through two

architectural optimizations (Fig. 7b, bottom). First, because
synchronization is decoupled from data, latch metadata is
provisioned per CD slot rather than per object. Second, XTRA
adopts a column-major layout for the mutex flags to avoid
per-flag cacheline padding while preserving write isolation
across hosts. Specifically, instead of storing all flags of one
latch together, XTRA packs flags updated by the same host
across adjacent CD slots. Because all flags within such a
cacheline are written by only one host, cross-host blind over-
writes are avoided without requiring one cacheline per flag.
As a result, the metadata footprint of software exclusion
remains compact and does not scale with the size of the
protected dataset.
Efficient synchronization. As shown in Fig. 7a, Lamport’s
algorithm minimizes shared-memory accesses on its uncon-
tended fast path [25], but its contended slow path requires
scanning 𝑁 participant flags, which is expensive over high-
latency CXL links. XTRA reduces this cost with a hierarchical
synchronization mechanism (Fig. 7c). Instead of exposing all

threads to direct inter-host contention, threads on the same
host first compete using low-latency local atomics. Only the
local winner proceeds to contend on the inter-host software
latch. This hierarchy reduces the effective participant count
on the CXL path to at most one per host, substantially de-
creasing the number of remote flag checks under contention.

XTRA further minimizes latch overhead through its OCC
protocol. For slot reads, such as version validation and lock
checking, transactions directly inspect CD slots without en-
tering the software latch. For slot writes, the latch is needed
only for lock acquisition, when a transaction attempts to set
the lock bit of a CD slot. Because the lock holder already
possesses exclusive write ownership of the slot, it can di-
rectly release the slot lock without entering the software
latch again, using a single CXL write that clears the lock bit
and advances the version.
Through these optimizations, XTRA supports efficient

transactional synchronization on commodity CXL 2.0 plat-
forms without requiring custom hardware support.

4.5 Fault Tolerance
Failure model. XTRA assumes a fail-stop model, where
hosts may crash independently at any time (e.g., OS panic or
power loss) but do not exhibit Byzantine behavior. Following
prior work on CXL pods [40, 69, 75], we assume that the
shared CXL memory pool remains available to surviving
hosts after a host failure. Failures of the memory pool itself
are outside XTRA’s current failure model and are discussed
in §6. Under this model, a host crash may interrupt its in-
flight transactions, leaving write locks unreleased in the CD
and data updates partially applied in the CXL memory. Un-
released locks can permanently block surviving hosts from
accessing the data, and partial updates can violate atomicity
and consistency by leaving data in intermediate states.
Logging and recovery. XTRA uses write-ahead redo log-
ging to preserve transactional atomicity under host failures.
During commit, a transaction writes and flushes redo log
records to its assigned buffer in the shared NHCC region.
Each log record contains the operation type, table ID, key,
and value required to replay the write. A transaction applies
updates only after its redo log is complete in shared memory.

We assume a standard membership service for host-failure
detection [75]. When a host failure is detected, surviving
hosts can initiate recovery without waiting for the failed
host to reboot, since both the data and the redo logs remain
globally available in shared memory. Recovery proceeds in
two steps. First, recovery scans the CD to identify locks
held by the failed host. Second, recovery inspects the failed
host’s log buffers to determine whether the redo log for
each transaction associated with these locks is complete.
If a transaction’s redo log is complete, recovery rolls the
transaction forward by replaying its logged updates and
then releasing its locks. If the redo log is incomplete, the
failed transaction could not have applied any data update, so
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recovery aborts the transaction by simply releasing its locks.
As a result, recovery needs to inspect only the compact CD
and the failed host’s active log buffers, avoiding host-reboot
latency and restoring system availability quickly.

5 Performance Evaluation
5.1 Experimental Setup
Testbed. Our evaluation machine has two Intel Xeon Gold
6530 CPUs and 256GB of local DRAM, and is attached to
a 128GB CXL 2.0 memory device. Since CXL 3.0 platforms
with cross-host HCC are not yet commercially available, we
follow state-of-the-art methodologies [5, 18, 75] and emulate
an 8-host CXL pod using 8 virtual machines (VMs, each with
4 CPU cores and 32GB of local memory) that share the same
CXL memory device.
Benchmarks.We use three representative OLTP workloads:
a YCSB-style [9] key-value store (KVS), SmallBank [2], and
TPCC [4]. The KVS consists of a single table with 4-byte keys
and 128-byte values. It supports flexible workload configu-
ration, including transaction length, access skew, and per-
access write ratio. SmallBank and TPCC use their standard
transaction mixes. SmallBank represents each account with
two 12-byte records across two tables (Savings and Checking).
Its transactions are short and write-intensive: each transac-
tion accesses at most three records, and 85% of transactions
are read-write. TPCC consists of nine tables with record sizes
ranging from 16 to 672 bytes. Overall, 92% of its transactions
are read-write, and we vary the cross-warehouse access prob-
abilities of NewOrder and Payment to control the fraction
of distributed transactions. For each benchmark, we define
three dataset scales (S/M/L) in Table 1. The S-scale dataset
sizes for KVS and TPCC match those used in Tigon [18].
Comparisons. We evaluate two variants: XTRA targets
CXL 3.0 pods by leveraging the limited HCC region for
atomic CD management (§4.1), whereas XTRA-NHCC tar-
gets non-coherent CXL 2.0 pods bymanaging the CD via soft-
waremutual exclusion (§4.4).We compare them against three
distributed transaction systems: Tigon [18], Sundial [65], and
Motor [67]. Tigon [18] is a state-of-the-art CXL 3.0 transac-
tion system using on-demand sharing. As presented in §2.2, it
partitions data in host-local DRAM andmigrates remotely re-
quested records into shared CXL memory, utilizing CXL 3.0
atomics to perform two-phase locking (2PL) and avoid two-
phase commit (2PC). Sundial-CXL adapts Sundial’s [65]
shared-nothing protocol to CXL 3.0 pods using Tigon’s opti-
mized implementation [18]. It employs a hybrid OCC/2PL
protocol based on dynamic timestamp leasing and incorpo-
rates Tigon’s on-demand sharing for hot data, allowing it
to leverage CXL 3.0 atomics and avoid 2PC. Motor [67] is a
shared-everything RDMA baseline. Its multi-version concur-
rency control (MVCC) protocol is built on one-sided RDMA
primitives and requires RDMA CAS across the full memory
pool for synchronization. Because a CXL pod with limited

Workload S (small) M (medium) L (large)

KVS (#records) 2.4M 10M 40M
SmallBank (#accounts) 1.2M 5M 20M
TPCC (#warehouses) 24 240 960

Table 1. Default dataset scales (total across 8 hosts).

HCC cannot meet this requirement, we evaluate Motor in
its native RDMA environment.
Configurations. We run the CXL-based systems on the
emulated CXL pod, warming up for 10 s and measuring per-
formance for 30 s. Consistent with Tigon [18], the pod’s
HCC capacity is limited to 200MB. Accordingly, we config-
ure a 200MB CD for both XTRA (fitting within the HCC)
and XTRA-NHCC (residing in the NHCC region). Inter-VM
cache coherence is provided by the physical machine and
should be faster than real inter-host HCC when it becomes
available. To ensure fair comparisons, we align configura-
tions as follows: (1) We replace the CXL baselines’ default
SSD-backed logging with XTRA’s CXL logging to eliminate
orthogonal SSD-induced overheads. (2) The CXL baselines
require one CPU core per VM for migration message pass-
ing. Although XTRA does not require such a core, we idle
one core per VM for XTRA to match the baselines’ CPU
budget. (3) As in Tigon [18], all CXL-based systems place
warehouse-private TPCC tables in host-local DRAM because
these tables are not shared across hosts. For shared tables in
the CXL pool, XTRA’s host DRAM cache capacity matches
Tigon’s per-host local partition size. We run Motor on four
physical machines (one compute node and three memory
nodes [67]), each equipped with a ConnectX-5 RDMA NIC
connected to a 100Gbps InfiniBand switch. The compute
node uses the same thread count as the CXL systems.

5.2 End-to-End Performance across Scales
We evaluate the systems across the S, M, and L dataset scales
defined in Table 1. In KVS, each transaction accesses 10
records with a 5% write ratio per access, making 40% of
transactions read-write. The Zipfian skew parameter 𝜃 for
KVS and SmallBank is set to 0.7 [18, 67]. For TPCC, we set
the cross-warehouse access probabilities of NewOrder and
Payment to 60% and 90%, respectively, following Tigon [18].
Fig. 8 demonstrates that Motor maintains stable perfor-

mance across all dataset scales because RDMA provides di-
rect data access and synchronization across the entire mem-
ory pool. In contrast, on-demand sharing systems (Tigon
and Sundial-CXL) suffer severe performance collapses at
larger scales. Tigon achieves competitive performance at
the S scale because the small working set’s synchroniza-
tion metadata fits entirely within the limited HCC region,
thereby ensuring that almost all remote accesses are HCC
hits. However, at the M and L scales, the working set exceeds
HCC capacity, forcing transactions to frequently stall and
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Figure 8. System throughput and latency (P50 and P99) across three dataset scales (Small, Medium, and Large).
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Figure 9. Sensitivity of throughput and P99 latency to variations in workload characteristics at the M scale.

wait for remote records to be migrated into the shared pool
via message-based coordination, as analyzed in §2.2. Conse-
quently, in KVS and SmallBank, Tigon’s throughput drops
by 8.3–22.8×, while its P50 and P99 latencies increase by 1.6–
4.8× and 19.4–374.5×, respectively, causing it to fall behind
RDMA-based Motor. Tigon degrades less in TPCC because
most accesses target warehouse-private tables in host-local
DRAM and thus largely bypass the shared pool. Sundial-CXL
slightly outperforms Tigon in TPCC-S because its dynamic
timestamp leasing effectively reduces transactional conflicts.
However, in KVS-S and SmallBank-S, Sundial-CXL under-
performs Tigon in throughput by 7.2× and 4.7×, respectively,
because its dynamic protocol requires a larger per-record
metadata footprint, prematurely exhausting HCC capacity
and triggering frequent migrations.
XTRA sustains high performance across all scales, deliv-

ering 1.3–15.6× higher throughput and 1.3–4.0×/1.2–283.9×
lower P50/P99 latency than Tigon, while outperforming Mo-
tor by 1.1–11.5× in throughput and 1.3–25.5× in P99 latency.
Enabled by the CD-based decoupled OCC, XTRA’s shared-
everything architecture achieves scalable transactional syn-
chronization across the entire shared pool via direct CXL
memory accesses, overcoming HCC capacity constraints and
eliminating the need for message-based coordination. As the
dataset scale increases from S to L, XTRA’s throughput de-
grades gracefully by 16.9–45.6% because the larger working
set causes more CPU cache misses and thus more frequent
CXL memory accesses. Targeting non-coherent CXL 2.0,
XTRA-NHCC outperforms Tigon by 1.2–6.4× in throughput
at the M and L scales, demonstrating that decoupled syn-
chronization remains scalable without hardware coherence.

At the S scale, XTRA-NHCC underperforms Tigon by 20.8–
39.0% in throughput because managing its non-coherent CD
requires explicit cache invalidation and software mutual ex-
clusion over high-latency CXL memory, whereas Tigon uses
hardware-accelerated CXL 3.0 atomics enabled by HCC.

5.3 Sensitivity to Workload Characteristics
Fixing the dataset at the M scale, we evaluate system sen-
sitivity to variations in workload characteristics. Across all
configurations shown in Fig. 9, XTRA outperforms the best
baselines, delivering 1.5–2.4× higher throughput and up to
2.6× lower P99 latency.

In KVS, the write ratio per access is set to 50%. As shown
in Fig. 9a, increasing the transaction length (the number of
accessed keys per transaction) from 1 to 3 reduces Tigon’s
throughput by 2.6× and disproportionately increases its P99
latency by 33.2×. This is because longer transactions ex-
ponentially decrease the Perfect Hit ratio (i.e., the proba-
bility that all of a transaction’s remote key accesses are
HCC hits). As analyzed in §2.2, a single HCC miss stalls a
Tigon transaction awaiting remote migration while retaining
already-acquired locks, severely bottlenecking concurrency.
As the length increases from 1 to 9, XTRA’s throughput
also decreases by 4.9× due to more CXL memory accesses
in longer transactions. Compared with CXL systems, the
RDMA-based Motor exhibits more modest degradation as
transaction length increases, because RDMA allows batching
multiple asynchronous accesses within a single round-trip
time, whereas CXL requires individual memory accesses.
Fig. 9b demonstrates that, in SmallBank, increasing the

Zipfian skew 𝜃 to 0.7 initially boosts XTRA’s throughput by
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Figure 10. Throughput under varying numbers of hosts.

10% via improved CPU cache locality. For Tigon and Sundial-
CXL, high skew (𝜃 = 0.9) increases the Perfect Hit ratio be-
cause the highly concentrated hot set’s metadata fits within
the limited HCC region, yielding a 3.3× throughput increase.
However, extreme skewness (𝜃 = 0.99) eventually degrades
the performance of all systems by exacerbating write-write
conflicts. Motor fails to complete the benchmark beyond
𝜃 = 0.9 due to observed livelocks under severe contention.

In Fig. 9c, we increase the cross-warehouse access proba-
bilities of NewOrder/Payment transactions in TPCC from the
default 10%/15% to 70%/95%. Increasing these probabilities
degrades both Tigon’s throughput and P99 latency by 1.7×,
with more pronounced degradation for Sundial-CXL. Higher
cross-warehouse access probabilities require more data to
be dynamically migrated into shared CXL memory, increas-
ing pressure on the limited HCC region, thereby triggering
severe HCC misses and message-based coordination over-
heads. In contrast, XTRA and XTRA-NHCC maintain stable
performance as these probabilities increase. Their decou-
pled synchronization efficiently coordinates transactional
accesses across the entire shared pool without requiring the
synchronization footprint to scale with the protected dataset.

5.4 System Scalability
To evaluate system scalability, we increase the number of
hosts from 1 to 8 while keeping the data volume per host
constant, with the aggregate dataset reaching the M scale at
8 hosts. The remaining setup follows §5.2. As Fig. 10 shows,
Tigon and Sundial-CXL scale poorly in KVS and SmallBank
due to the 200MB HCC limit. When scaling from 1 to 2 hosts,
the synchronization metadata for Tigon’s shared working
set still fits within the HCC region, allowing Tigon to avoid
remote migrations and increase throughput by 46.8%. How-
ever, beyond 2 hosts, the aggregate working set exceeds HCC
capacity, triggering frequent migrations and causing Tigon’s
throughput to fall by 3.1×. Sundial-CXL degrades even ear-
lier because its larger metadata footprint exhausts the HCC
sooner. In TPCC, the baselines increase their throughput by
up to 4.0× from 1 to 8 hosts because over 90% of accesses
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Figure 11. Throughput under varying HCC capacities.

are warehouse-private and remain local, thereby largely by-
passing CXL HCC constraints. In contrast, XTRA and XTRA-
NHCC consistently scale across all workloads, increasing
their throughput by 3.7–6.1× and outperforming the base-
lines by up to 10.9× at 8 hosts. By using a compact CD to
decouple synchronization state from the protected dataset,
they avoid the HCC-capacity bottleneck encountered by the
baselines as the aggregate dataset grows with the number
of hosts. XTRA-NHCC remains slower than XTRA because
it relies on software-based mutual exclusion to manage the
CD, whereas XTRA leverages hardware-accelerated CXL 3.0
HCC atomics for efficient synchronization.

5.5 Impact of HCC Capacity and Decoupled OCC
Fixing the dataset at the S scale, we evaluate system ro-
bustness by shrinking the HCC capacity from 200MB down
to 0MB. XTRA’s HCC-resident CD is sized to match the
available HCC budget. The remaining setup follows §5.2.
As Fig. 11 shows, Tigon performs competitively when the
synchronization metadata for its shared working set fits
within the 200MB HCC. However, when the HCC budget
falls below 100MB, the metadata for the working sets of
Tigon and Sundial-CXL no longer fits within the coherent
region, triggering frequent message-based migrations and
causing throughput to collapse. At 0MBHCC, neither system
can operate because both require HCC atomics. In contrast,
XTRA consistently sustains high throughput down to 10MB
of HCC, outperforming Tigon by 1.2–31.5× across different
workloads and HCC capacities. Counterintuitively, reducing
the CD size can slightly improve XTRA’s performance. This
is because a smaller CD occupies less space in CPU caches,
leaving more cache space for NHCC data, thereby increas-
ing cache hits and reducing accesses to CXL memory. Even
at 0MB HCC, XTRA remains operational by falling back
to XTRA-NHCC, which places a 200MB CD in the NHCC
region. This fallback incurs a 43.9–53.0% throughput drop
relative to XTRA at 10MB HCC because hardware atomics
are replaced by software mutual exclusion.
To isolate the impact of CD size on concurrency control,

we evaluateXTRAw/o OCC (using 2PL). In KVS and TPCC,
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XTRA w/o OCC degrades severely as the CD shrinks. Un-
like OCC, 2PL acquires read and write locks during execu-
tion, holding them longer and heavily exacerbating false
contention from slot collisions in smaller CDs. XTRA’s de-
coupled OCC minimizes this false contention via lock-free
reads and brief validation-phase write-locking, increasing
its speedup over 2PL from 1.2× to 50.6× as the HCC capacity
shrinks to 10MB. At 0MB HCC, even with a 200MB NHCC-
resident CD, XTRA w/o OCC remains substantially slower
than XTRA-NHCC in KVS and TPCC. This gap arises because
2PL requires shared read-lock acquisitions that incur costly
serialization through software latches over high-latency CXL
links, whereas OCC avoids this serialization overhead with
lock-free reads. However, OCC is not universally optimal:
in the highly write-intensive SmallBank, OCC slightly un-
derperforms 2PL, since read-write conflicts trigger frequent
OCC validation failures and costly aborts, which 2PL effec-
tively avoids via pessimistic read locks.

5.6 Unified Cache Coherence
Fixing the dataset at the L scale, we evaluate the effective-
ness of XTRA’s unified cache coherence mechanism. The
remaining setup follows §5.2. While XTRA’s CD enables
decoupled concurrency control to scale across the entire
pool, reading NHCC data requires additional mechanisms to
guarantee freshness without hardware coherence. In Fig. 12,
the NonTemporal baseline bypasses the CPU cache using
non-temporal loads/stores to directly access CXL memory,
preventing stale reads but incurring high CXL access laten-
cies. In contrast, XTRA’s unified cache coherence repurposes
OCC version validation to achieve lazy coherence upon reads.
This minimizes coherence overhead and enables local CPU
cache hits, effectively reducing expensive CXL accesses. Con-
sequently, across different workloads, the unified coherence
design improves throughput by 1.5×–3.9× over the baseline,
while reducing P50 and P99 latencies by 1.4×–4.1× and 1.5×–
4.2×, respectively. The gains vary across workloads, with
KVS showing the largest improvements. SmallBank bene-
fits less because its write-intensive workload causes more
frequent version changes and cache invalidations, reducing
opportunities to reuse cached data. TPCC sees the smallest
gain because most accesses target warehouse-private tables
in local DRAM and thus largely bypass the shared CXL pool.

Additionally, XTRA supports an optional DRAM cache by
extending the same lazy coherence protocol to the host-local
DRAM tier. However, this software cache incurs manage-
ment and data-copy overheads while also increasing the CPU
cache footprint. As a result, the DRAM cache is not always
beneficial, negatively impacting performance in KVS and
SmallBank. In TPCC, the strong access locality and complex
access patterns allow the DRAM cache to effectively absorb
CPU cache capacity misses, yielding an 11.2% throughput
improvement and a 29.6% P99 latency reduction.

6 Discussion
Supporting Datasets Beyond CXL Capacity. XTRA fo-
cuses on transactional synchronization and coherence for
shared data resident in the TB-scale CXL memory pool. Our
current prototype and evaluation assume that this shared
data fits within the pool, but XTRA does not require all
application data to reside there. Host-private data can re-
main in local DRAM, as in our TPCC configuration, which
keeps warehouse-private tables in local DRAMwhile placing
shared tables in the CXL pool (§5.1). For applications whose
shared dataset exceeds CXL memory capacity, XTRA can
be combined with a separate caching [63] or tiering layer
that manages data residency between the CXL memory pool
and a larger backing tier. Objects resident in the shared CXL
memory pool retain XTRA’s existing direct-access path with
CD-based concurrency control and unified coherence, while
capacity misses may require data movement from the back-
ing tier. Importantly, XTRA’s CD remains bounded because
it is provisioned for active synchronization rather than for
every object in the backing dataset. Whereas Tigon’s on-
demand sharing triggers data migration on misses in the
much smaller HCC region, the relevant capacity boundary
for XTRA is the entire CXL memory pool. Designing and
evaluating a complete capacity-management policy is out-
side XTRA’s current scope and remains future work.
Memory-Pool Fault Tolerance. XTRA’s current recov-
ery mechanism (§4.5) handles host failures while assum-
ing that the shared CXL memory pool remains available.
One direction for tolerating pool-level data loss is to use
checkpoint-and-log recovery techniques [70]. XTRA could
periodically checkpoint shared data to a failure-independent
domain and persist subsequent redo logs there. After a pool
failure, the system could reconstruct a consistent shared-
data state by restoring the latest checkpoint and replaying
subsequent complete redo logs. Alternatively, XTRA could
replicate shared data across CXL memory pools in indepen-
dent failure domains so that a surviving replica remains
available after a pool failure [67]. Once a consistent shared-
data state is available, XTRA could reinitialize the CD and
re-establish coherence from scratch by clearing each host’s
SD and invalidating all host-local cached copies before re-
suming transactions. These extensions would change the
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durability and pool-recovery substrate, but need not funda-
mentally alter XTRA’s decoupled OCC or unified coherence
protocols. Designing and evaluating such pool-level fault
tolerance remains future work.

7 Related Work
CXL memory disaggregation and sharing.With CXL 1.0
enabling single-host memory expansion, recent work has ex-
tensively explored memory tiering [13, 26, 35, 42, 46, 50, 58,
59, 71, 74] to overcome single-node capacity walls. Further-
more, CXL 2.0 introduces multi-host, non-coherent memory
pooling [14, 28]. Recent distributed systems exploit this sub-
strate for fast RPCs [33, 34], serverless computing [5, 17],
memory allocation [40], I/O pooling [72], and databases [61].
However, lacking cross-host HCC, these CXL 2.0 systems
typically manage concurrent read-write accesses by falling
back to message passing or relying on custom FPGA-based
near-memory processing to enforce atomic operations. To
provide standard shared-memory semantics, CXL 3.0 intro-
duces cross-host HCC [11, 44]. However, the physical ca-
pacity of the hardware snoop filter strictly limits the size
of this coherent region [15, 18, 54]. Consequently, scaling
consistent data sharing and concurrent accesses across CXL
3.0 pods remains challenging.
Real CXL-pod use cases. Recent systems demonstrate con-
crete use cases in which multiple hosts directly access shared
data in CXL memory pools. Duhu [37] uses a prototype CXL
memory pool with Ray [38], allowing workers across hosts
to directly access shared intermediate objects without first
copying them into host-local memory, thereby reducing data-
movement overheads. Beluga [60] builds a shared memory
pool for GPU clusters using a commercial CXL 2.0 switch
and applies it to KVCache management in vLLM [24], en-
abling GPUs across servers to share and reuse KVCache
data. PolarCXLMem [61] integrates CXL shared memory
into PolarDB-MP [62], allowing multiple database primaries
to directly access shared buffer pages in the CXL pool, while
using distributed page locks to coordinate concurrent ac-
cesses and software cache invalidation to maintain coher-
ence. Together, these systems demonstrate that CXL pods
can serve as a practical shared-memory substrate for diverse
multi-host workloads. XTRA targets CXL-pod workloads in
which multiple hosts concurrently access shared data and
require transactional consistency and concurrency control.
Distributed transactions on CXL pods. Conventional
transaction systems [12, 41, 49, 55, 67] typically maintain
fine-grained synchronizationmetadata for individual records,
causing synchronization state to scale with the managed
data. Tigon [18] and CtXnL [54] inherit this design assump-
tion when leveraging cross-host HCC in CXL 3.0 pods to
coordinate transactions across hosts. Since HCC is limited,
CtXnL relies on custom FPGA-based extensions at the CXL
memory endpoint to alter the coherence protocol, making

it incompatible with unmodified commodity hardware and
precluding direct empirical comparison. Targeting standard
hardware, Tigon copes with limited HCC via on-demand
sharing based on data migrations. Despite their different
deployment strategies, both systems share a fundamental
limitation: their per-record synchronization footprint scales
with the shared working set and eventually exceeds the lim-
ited HCC capacity, forcing costly coordination that limits
scalability. In contrast, XTRA abandons per-record metadata
and consolidates synchronization state into a bounded CD
to scale concurrency control across the entire CXL memory
pool. This decoupled synchronization not only overcomes
HCC constraints but also readily generalizes to non-coherent
CXL 2.0 environments. Furthermore, XTRA unifies cache
coherence with OCC, leveraging lazy on-read invalidation
to ensure consistent and low-latency data sharing.

8 Conclusion
CXL creates opportunities to redesign distributed systems
around shared memory, but its limited cross-host HCC fun-
damentally bottlenecks concurrent and consistent access for
distributed transactions. To address this, XTRA decouples
synchronization state from data and consolidates it into a
bounded Coordination Directory to scale concurrency con-
trol across the entire pool, while efficiently ensuring cache
coherence by piggybacking lazy cache invalidation onto opti-
mistic read validation. This cohesive approach pushes highly
concurrent and consistent transactions in a CXL pod beyond
HCC constraints, enabling XTRA to significantly outperform
state-of-the-art systems. Beyond distributed transactions,
XTRA’s decoupled synchronization architecture provides a
scalable blueprint for other distributed systems in CXL pods.
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