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Abstract
CXL (Compute Express Link) is an emerging open industry-

standard interconnect between processing and memory de-

vices that is expected to revolutionize the way systems are

designed. It enables cache-coherent, shared memory pools

in a disaggregated fashion at unprecedented scales, allowing

algorithms to interact with various storage devices using

simple loads and stores. While CXL unleashes unique oppor-

tunities, it also introduces challenges of data management

and crash consistency. For example, CXL currently lacks

an adequate programming model, making it impossible to

reason about the correctness and behavior of systems on top.

In this work, we present CXL0, the first programming

model for concurrent programs over CXL. We propose a

high-level abstraction for memory accesses and formally

define operational semantics. We demonstrate that CXL0
captures a wide range of current and future CXL setups and

perform initial measurements on real hardware. To illustrate

the usefulness of CXL0, we present a general transformation

that enhances any linearizable concurrent algorithm with

durability in a distributed partial-crash setting. We believe

that this work will serve as a stepping stone for systems

design and programming on top of CXL.

CCS Concepts: • Hardware → Emerging technologies; •
Computing methodologies→ Concurrent computing
methodologies; Concurrent algorithms.

Keywords: CXL; Programming models; Disaggregated mem-

ory
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1 Introduction
With the increasing demand for storage in the cloud and

recent improvements in interconnects [52], disaggregated

memory has become a viable solution [4, 16, 18, 27, 30, 49,

50, 55, 60, 75]. In disaggregated systems, compute nodes are

separated from memory nodes. This offers greater flexibility,

scalability, and resilience compared to traditional architec-

tures [2, 30]. Rather than equipping a node to meet peak

demand, it can be provisioned with enough memory to sat-

isfy common needs, and additional memory is provided by

other nodes during times of high load. As a result, data can

be spread over multiple machines, and data transfers can

become a major bottleneck [22, 23, 30, 55].

Compute Express Link (CXL) is an emerging standard

which aims to facilitate efficient data transfer within data-

centers. Several cloud hyperscalers are involved in its devel-

opment, and it is expected by many to become the future

industry standard for data-center interconnects [68]. CXL

supports accessing external storage and caching data from

remote nodes in a coherent manner, which is a significant

change compared to current architectures [20]. Furthermore,

CXL provides a uniform abstraction for accessing all types

of memory, such as DRAM and SSD, across the system via

simple loads and stores at cache line granularity. This allows

the entire memory domain of the participating machines to

be modeled as a large, unified shared main memory [50].

These opportunities also present new challenges. As a cen-

tralized system becomes distributed and coherent, two key

assumptions no longer hold. First, heterogeneous compute

units access the same memory, so the outcome of concurrent

operations is not governed by a single memory model. Sec-

ond, the system is no longer a single failure domain. Instead,

nodes may crash independently. Special attention is required

to ensure correctness under these conditions.

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3779212.3790121
https://doi.org/10.1145/3779212.3790121
https://doi.org/10.1145/3779212.3790121


ASPLOS ’26, March 21–26, 2026, Pittsburgh, PA, USA. Gal Assa, Moritz Lumme, Lucas Bürgi, Michal Friedman, and Ori Lahav

Failure-aware programming has been subject to vast re-

search effort, primarily in the context of full-system crashes [17,

29, 48, 70]. The emergence of non-volatile main memory

(NVMM), as a persistent, moderately fast, and byte-addressable

medium, gave rise to both theoretical and practical endeav-

ors. Correctness criteria [10, 11, 33, 44, 54], data structures

[33, 66, 69, 79], verification approaches [1, 12, 28, 37, 38, 47],

and transactional memory frameworks [7, 15, 21, 63] were

suggested to benefit from the new technology. Although

NVMM has been deprecated as a standalone product [42],

it is expected to remain part of the memory hierarchy with

CXL [26]. However, existing solutions are not automatically

transferrable, because CXL inflates the system model, al-

lowing multiple machines to share the same volatile and

persistent memory. As these machines can be CPUs, GPUs,

FPGAs, or any type of accelerator, an adequate programming

model is required to correctly utilize this new technology.

Despite the expectation of CXL’s wide adoption, there

is currently no general programming model. This leaves

programmers without answers to crucial questions. For ex-

ample, it is unclear what consistency guarantees memory

accesses provide, or whether the local memory model is pre-

served over the communication protocol. Moreover, existing

multi-threaded programs for shared memory do not remain

correct in the disaggregated setting, and one urgent area of

investigation is how to correctly port this legacy code.

This work aims to close these gaps. We propose an ab-

straction of CXL’s memory operations and define CXL0 as a
formal programming model on top of that abstraction. Both

stem from a rigorous analysis of the CXL specification [20].

We capture a systemmodel with distributed, coherent, shared

memory, that allows for subsystem crashes. Furthermore,

we model each node in the system as a subsystem that emits

sequences of CXL transactions, thus abstracting away the

effect of the internal memory model. Using CXL0 as a tool
to reason about the correctness and behavior of concurrent

executions, we show that it applies to a wide range of current

and future CXL setups. We also address the question of how

to design concurrent programs for this new system model.

Shared memory programming in a multi-processor, disag-

gregated memory environment with independent failures is

a challenging task. We identify common pitfalls and demon-

strate how to mitigate them using a general transformation

that equips linearizable algorithms with fault tolerance un-

der CXL0. Our transformation enhances legacy code with

resilience to spontaneous subsystem failures, even for algo-

rithms that are not failure-aware.

In summary, the contributions of this work are as follows:

• We provide a high-level abstraction of memory accesses

in the CXL specification;

• We introduce CXL0, a programming model for coherent

disaggregated memory over CXL;

• We present a transformation that makes linearizable code

durable under the partial crash model and formally prove

its correctness.

To our knowledge, CXL0 is the first programming model

for disaggregated memory over CXL, and our transforma-

tion is the first to equip linearizable code with durability in

the partial crash model. The rest of the paper is organized

as follows. We provide necessary background in §2. In §3,

we describe our system model, abstraction and formalize

the operational semantics that form CXL0. §4 demonstrates

how CXL0 captures current and future CXL setups, and §5

illustrates practical implications on real hardware. In §6, we

show how to transform existing concurrent programs for

CXL0. §7 reviews related work, and §8 concludes this paper.

The full version of this paper is available in [8], and the

code used for the proofs is available in [9].

2 Background
This section provides the essential background and prelimi-

naries for this work. We include a short introduction to the

relevant parts of the CXL standard based on its specification.

2.1 Disaggregated memory
Disaggregated memory is a provisioning approach for im-

proving hardware utilization in data centers. The idea is to

separate compute from memory, allowing each to scale in-

dependently. It is an alternative to provisioning dedicated

servers with enough resources to handle peak demand which

leads to lower utilization during regular operation. In addi-

tion to enabling independent scaling, disaggregated memory

also allows independent maintenance and introduces a cer-

tain degree of fault tolerance (i.e., memory can outlast a

compute unit accessing it).

2.2 Caching and cache coherence
Memory caching techniques are used to increase efficiency

by reducing latency when accessing memory. This is accom-

plished by storing frequently used data in a small, high-speed

memory close to the compute unit, which is much faster than

main memory. Modern processors are equipped with multi-

ple layers of caches. The presence of caches means that the

value of a logical memory address may reside in multiple

physical locations (i.e., caches and main memory) simulta-

neously. Memory caches operate on fixed-size blocks called

cache lines for data transfer.

Cache coherence is a system property that ensures each

load operation observes the outcome of the most recent store

to the same address that reached the cache. Cache-coherent

systems also satisfy single-writer multi-reader exclusion and

concurrent writes are impossible. Many cache coherence

protocols exist, most of which are aimed at single machines
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with multiple CPU cores and a hierarchy of shared and pri-

vate caches. Examples include MESI, MOESI, and MESIF, and

some protocols for distributed settings [60, 71].

2.3 Persistent memory programming
Because systems rely on volatile caches, persistent mem-

ory introduces consistency challenges. Stores are typically

serviced by caches and are considered complete when they

reach local cache rather than main memory. When program-

ming for volatile memory without considering crashes, cache

replacement is usually irrelevant thanks to cache coherence.

However, when main memory is persistent, crash recovery

depends on obtaining a consistent state from persistent mem-

ory. Therefore, algorithms must consider the order in which

updates reach persistent media. To that end, programmers

use explicit flush instructions, which propagate the content

of a cache line to memory, and memory barriers to enforce

update ordering. This ensures that the system can recover a

consistent state from persistent memory regardless of when

a crash occurs.

2.4 Linearizability
Consistency in the face of failures can manifest in various

ways. The canonical consistency criterion for concurrent ob-

jects and algorithms is linearizability, as defined by Herlihy

and Wing [40]. This criterion asserts that the concurrent

history can be projected onto a single timeline in a manner

that respects the sequential specification. The notion of lin-

earizability has received multiple extensions in the context

of partial and full-system crashes [3, 10, 11, 33, 39, 54]. This

work focuses on durable linearizability by Izraelevitz et al.

[44]. Informally, the latter notion requires that completed

operations persist before returning.

2.5 A primer to CXL
This work considers the most recent version of the CXL

standard at the time of writing, CXL 4.0. The specification

can be found in [20]. The standard is as complex as one

would expect, and a significantly shorter introduction to it

was published by Das Sharma et al. [25]. Here, we describe

only the details necessary for this work and refer the reader

to either of the above sources for more information.

CXL consists of three sub-protocols: CXL.io, CXL.cache,

and CXL.mem. CXL.io, is a slightly augmented superset of

PCIe that is used for device discovery, configuration and

power management. CXL.cache implements a cache coher-

ence domain, letting one PCIe endpoint (e.g., an accelera-

tor) cache memory owned by a PCIe root complex (CPU).

CXL.mem provides the underlying memory channel for ac-

cessing remote memory via ordinary loads and stores. The

standard allows for different combinations of sub-protocols

and defines three device types. Type 1 devices run CXL.io

alongside CXL.cache. These devices only expose process-

ing capabilities (e.g., SmartNICs). Type 3 devices run CXL.io

alongside CXL.mem. These devices only expose device mem-

ory (e.g., main memory expanders). This work focuses on

Type 2 devices, which combine all three sub-protocols. They

expose both device memory and processing capabilities, such

as GPUs, FPGAs and other accelerators.

All CXL sub-protocols are routable through custom CXL

switches, so theoretically, the standard allows to combine

dozens or even hundreds of root complexes (hosts) and end-

points (devices) into a single multi-root fabric in which mem-

ory devices can be pooled or shared. In that setting, each

host manages its own cache hierarchy and uses CXL.mem

for access to remote memory.

Within a single-root coherence domain, e.g., the classic

host-device pairing, CXL.cache implements MESI-based co-

herence on individual cache lines. Importantly, it does not

guarantee any ordering between accesses to memory loca-

tions on different cache lines. The specification suggests

page-granular host-bias and device-bias modes for Type 2 de-

vice memory. In host-bias mode, the host “owns” the memory

page, meaning the device must request access from the host

before accessing its own memory. In device-bias mode, the

device “owns” the page, and can access its memory directly

without notifying the host. These two modes represent a

tradeoff between low-latency memory access for devices and

cache-sharing overhead with the host, but they only apply

within a single CXL.cache coherence domain.

We note that the standard provides a variety of low-level

transactions for reading, writing, and flushing cache lines,

introducing a wide range of options for remote memory

access that differ in performance and semantics.

3 A General Programming Model for CXL
In this section, we describe the most general system and

failure model, and an abstract model for memory access on

top of CXL. Based on these, we define operational semantics

which provides us with a programming model for concur-

rent programs that access memory via the underlying CXL

standard. To develop some intuition about valid behaviors

of programs under our model, we provide a collection of

litmus tests and prove various properties of the model. We

present two variations of the programmingmodel for specific

hardware features.

3.1 System model
We consider an ideal model of a distributed system which

consists of multiple Type 2 devices. Each machine has com-

putational capacity, memory capacity, or both. Memory ac-

cesses are cache-coherent. Each memory address is mapped

to a single physical volatile or persistent memory location on

a specific machine. Memory accesses are performed at cache

line granularity. Machines are connected via CXL switches

and each machine manages the coherence of the memory

attached to it. Machines send and receive CXL messages on
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dedicated ports. A system may incorporate several types

of processing units (CPUs of different architectures, GPUs,

FGPAs, etc.). Attached memory may also be of various types

(e.g., SSD, DRAM, or NVMM). Some nodes may be only mem-

ory nodes, while others can host no shared memory at all.

Deciding which parts of the memory are shared is up to the

system designer. The CXL standard accommodates complex

topologies and access control, so different memory segments

located on a given machine may be shared with different

subsystems simultaneously. Potentially, the entire address

space may be shared in a cache-coherent manner.

We model each connected node as emitting CXL trans-

actions (writes, reads, flushes) to the network in a specific

order. Within each node, different consistency models may

govern how instructions across cores propagate to the CXL

network. The standard interconnects several machines, each

potentially employing diverse underlying architectures with

varying consistency guarantees. We do not consider the in-

ternal memory model of each machine, as the system is

free to reorder messages within the CXL fabric (due to the

properties of the underlying PCIe) [25]. Hence, ordering has

to be explicitly enforced when accessing remote memory

locations, as the local memory ordering is unaware of the

possibility of further reordering.

Failure model. Our model permits spontaneous, indepen-

dent crashes of any machine. A machine crashes with its

caches and the portion of shared memory attached to it. We

assume caches are volatile, so their contents vanish upon

crash. Data is considered lost upon crash unless it reached

physical persistent media, or another failure domain before

the crash. When a machine crashes, the local state of any

thread currently executing on it is lost as well (including pro-

gram counter, registers, etc.). Upon recovery, new threads

are spawned to replace the crashed ones, and all volatile

memory is reset to some initial value. The effects of store

operations performed by the crashed machine that had not

yet propagated into persistence or to another machine are

lost. Store operations to addresses belonging to the crashed

machine may be lost if not persisted, or may also reside in

another machine’s cache and propagate at a later time.

3.2 Abstract CXL model
The CXL specification describes multiple types of read and

write transactions as part of its sub-protocols. Such transac-

tions refer to low-level transactions that are different from

high-level, application ones. We provide an abstraction of

these low-level transactions by mapping them to a single

abstract read operation, three abstract store operations, and

two abstract flush operations. These operations are referred

to as CXL0 primitives in this work. In §5.1, we provide a

mapping from CXL transactions to CXL0 primitives.

Figure 1 depicts the CXL0 primitives using a simple ex-

ample. In this example, all primitives are performed by the

left node and are labeled with numbers (e.g., ➀). Continuous

and double lines represent store and flush operations, respec-

tively. Dotted lines represent eviction steps that are induced

by the cache replacement policy. An arrowhead marks where

the value is guaranteed to be propagated after the instruction

or propagation step. Here, we assume that 𝑥 is a memory

address allocated on the left node and 𝑦 on the right one.

Our model considers a single Load primitive. The reason

is that we assume cache coherence (i.e., reads-see-last-write),

and this work aims at modeling high-level behaviors of con-

current programs rather than the coherence protocol itself.

The three abstract CXL0 store primitives are:

• Local Store (henceforth LStore): A store to local cache.

An LStore is considered complete when written to a local

cache, and the CXL protocol does not provide any guar-

antees regarding when a local store is propagated to the

physical memory where the stored address belongs. This

store type does not generate any data transfer between

machines and is likely to be preferable in terms of per-

formance. As the ➁ label shows, an LStore has the same

behavior when storing to each of the addresses (𝑥 and 𝑦).

• Remote Store (henceforth RStore): A store to remote cache.

An RStore is considered complete when it reaches either

the address owner’s cache or physical memory. CXL does

not guarantee when a cache line is written back (namely,

propagated) from the owner’s cache to the physical mem-

ory. An RStore to 𝑥 executed by the left machine is equiv-

alent to an LStore, whereas an RStore to 𝑦 (➃) results in

writing the new value to the right machine’s cache.

• Memory Store (henceforth MStore): A store that completes

only after reaching physical memory. The issuer may con-

sider a write complete only after it has reached its final

destination. If the destination memory is volatile and on

the same failure domain, RStore and MStore are semanti-

cally equivalent under our failure model. In the example,

an MStore to 𝑥 (➀) is considered complete only when the

new value of 𝑥 is stored in main memory, and an MStore
to 𝑦 (➂) results in writing to the physical memory of the

right machine.

In addition to loads and stores, we consider two distinct

Flush primitives, which are used to explicitly evict a cache

line from a cache to the next level in the memory hierarchy.

Such write-back operations are common in commodity CPUs

(e.g., CLFLUSH on x86 [43] and DC-CVAC on ARMv8 [6]). CXL

also introduces the notion of flushing a remote cache line

(CLFlush in [20]), namely, invalidating a cache line such

that the cache controller writes back its contents to remote

memory. Our abstraction for flushes is as follows:

• A Local Flush (henceforth LFlush) writes back a cache

line that is stored locally (i.e., on the executing machine)

to the next hierarchy, be it a remote cache or local main

memory. LFlush to 𝑥 results in updating the local memory
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➂

➄ ➆

➆

➀ MStore(x)
➁ LStore(x/y)
➂ MStore(y)

➃ RStore(y)

Store Transaction
Flush Transaction
Non-deterministic
Propagation

➄ LFlush(x)
➅ LFlush(y)
➆ RFlush(y)

Cache

➃

➅
Cache

➀

➁

Figure 1. Semantics of CXL0 primitives as a layer of ab-

straction over CXL store and flush transactions (including

non-deterministic propagation).

(➄), and the effect of LFlush to 𝑦 is an update to the right

machine’s cache (➅).

• A Remote Flush (henceforth RFlush) writes back a cache

line to the correspondingmainmemory. RFlush to𝑦 causes
a write back from either cache to the right machine’s physi-

cal memory𝑦 (➆), and RFlush to 𝑥 is equivalent to LFlush
to 𝑥 in this example.

The Global Persistent Flush (GPF) instruction is

also supported by the specification (§9.8 in [20]). It initi-

ates a 2-phase write-back protocol to drain all caches of all

CXL agents in the cache coherence domain. We regard it as

rather complex and highly susceptible to additional machine

failures. Moreover, the specification treats GPF as optional

and explicitly omits a list of triggering events. Therefore,

we capture the behavior of GPF in our model for complete-

ness, but we argue that it does not reliably provide the same

persistence guarantees as, for example, Intel’s eADR tech-

nology [41] does in a single machine setting.

Using a GPF in a weakly ordered memory model exposes

the system to potential inconsistencies since the order by

which writes reach persistent media might still differ from

the program order. In this case, a value of a write operation

could already reside in a cache while an earlier write by the

same thread still resides in the processor’s internal buffers.

The persistent state is guaranteed to be consistent only if

the earlier write’s effects are applied to the persistent state

before the later write’s. This cannot be guaranteed solely by

using persistent caches or GPF, in presence of volatile buffers

in processors that do not provide total store order (TSO).

GPF is intended to be used for a planned shutdown or reboot

of the system. Therefore, we do not expect it to be used in

application level algorithms. However, a carefully designed

algorithm may still employ GPF for snapshots, thanks to its

global and blocking properties.

Standard cache replacement policies introduce non-deter-

ministic (from the perspective of the program) evictions of

cache lines from a cache to the next memory hierarchy. This

is not driven by any instruction and is considered normal

behavior by the CXL specification. These non-deterministic

steps are captured by the dotted lines: propagation is pos-

sible from a local cache to a remote cache or local memory.

Propagation from local cache to remote memory is achieved

by these two steps taking place one after the other.

Limitations of CXL. Under the current specification,

we identify three key limitations related to concurrent pro-

gramming. First, the CXL specification lacks ordering primi-

tives. It defines neither global ordering primitives (like the

__threadfence_system call in CUDA [58], which is a GPU-wide

fence), nor local ones (like x86’s MFENCE [43]). Consequently,
our model does not have memory fences. Second, the CXL

specification only specifies synchronous flushes, which take

effect immediately, and does not provide asynchronous flush

instructions, whose effect is delayed until a corresponding

barrier. Such instructions exist on multicore architectures:

CLFLUSHOPT and CLWB followed by an SFENCE barrier on x86,

and DC.CVAP followed by a DSB.SY barrier on ARM. These

allow fine-tuned efficient implementations, allowing pro-

grammers to mark certain stores that are needed to persist,

and later make sure they all persist by one fence. Adding

such features to CXL0 can be done along the lines of [46, 62]

using an additional layer of partially ordered persistency

buffers, or following [19] with view-based semantics.

3.3 Formal model
We now introduce CXL0, the first programming model for

CXL. We formally model the system as a labeled transi-

tion system (LTS). We assume 𝑁 machines communicating

through CXL. Each machine emits actions in an order that is

determined by the program order and the memory model of

its local compute unit. The set of memory locations on ma-

chine 𝑖 is denoted by Loc𝑖 , and we assume that Loc1, . . . , Loc𝑁
are pairwise disjoint. We let Loc = ∪𝑖Loc𝑖 denote the set of

all shared locations in the system. Values are taken from a

set Val, which we assume to include a distinguished value,

denoted by 0, used for the initial value of every location.

The transition labels in CXL0 consist of:

• Labels for actions emitted by the networked machines:

LStore𝑖 (𝑥, 𝑣), RStore𝑖 (𝑥, 𝑣), MStore𝑖 (𝑥, 𝑣), Load𝑖 (𝑥, 𝑣),
LFlush𝑖 (𝑥 ), RFlush𝑖 (𝑥 ), GPF𝑖 , and RMW𝑖 (𝑥, 𝑜𝑙𝑑, 𝑛𝑒𝑤 )

where 𝑥 ∈ Loc and 𝑣, 𝑜𝑙𝑑, 𝑛𝑒𝑤 ∈ Val.

• Silent non-deterministic internal propagation 𝜏 .

• Non-deterministic local crash E𝑖 where 𝑖 ∈ {1, . . . , 𝑁 }.
In turn, CXL0 system states are pairs 𝛾 = (C,M), where:

• C maps each machine 𝑖 to its local cache

C𝑖 : Loc → Val ⊎ {⊥}.
• M maps each machine 𝑖 to its local memory

M𝑖 : Loc𝑖 → Val.

For every machine 𝑖 , C𝑖 and M𝑖 are functions from the

address space to possible values. C𝑖 may additionally receive

the invalid value, denoted by⊥.M𝑖 maps addresses belonging

to machine 𝑖 to valid values, and represents the values as they

are stored in its physical memory. For brevity, we assume

that for each 𝑖 , M𝑖 is either volatile or non-volatile, which
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determines whether or not it loses its contents upon crash.

Expanding the model to support machines with both volatile

and non-volatile memory is simple using sub-indices.

The abstract components “cache” and “memory” men-

tioned above capture how far the latest value of an address

propagated towards physical memory in the memory hier-

archy. Although we refer to them as “cache” and “memory”,

they do not directly correspond to the hardware primitives

with the same names. Our model merely captures how the

effects of write operations on shared memory propagate and

become persistent. While the CXL standard presents both

cacheable and non-cacheable write transactions, CXL0 is

agnostic about the local cacheability of reads and writes.

It assumes the underlying cache coherence and does not

provide any means to reason about it.

The following invariant holds throughout executions:

∀𝑖, 𝑗 ∈ {1, . . . , 𝑁 }.∀𝑥 ∈ Loc.

C𝑖 (𝑥 ) ̸= ⊥ ∧ C𝑗 (𝑥 ) ̸= ⊥ =⇒ C𝑖 (𝑥 ) = C𝑗 (𝑥 )

This invariant asserts that only one unique valid valuemay

be stored for a given logical address in all caches across the

system. Roughly speaking, this is similar to a cache line being

in a shared state for some coherence protocol. However, as

noted above, our model does not aim to provide a precise

description of CXL’s coherence state machine. Instead, we

abstract it away, only describing the behavior of concurrent

program executions. It is possible to have a configuration

in which the value of a location 𝑥 in caches differs from

the value in the memory of the machine that owns 𝑥 . This

is necessary to model the fact that writes become globally

visible before they are persistent. In such cases, the cache

value is always more recent.

Initially, all machines start with empty caches (C𝑖 = 𝜆𝑥 .⊥,
meaning every value of 𝑥 is mapped to⊥) and zero-initialized
memories (M𝑖 = 𝜆𝑥. 0). Figure 2 presents the operational

semantics of the system.

Store steps. For a location 𝑥 that belongs to machine 𝑘 ,

LStore𝑖 (𝑥, 𝑣) sets 𝑥 to 𝑣 in C𝑖 ; RStore𝑖 (𝑥, 𝑣) sets 𝑥 to 𝑣 in

C𝑘 ; and MStore𝑖 (𝑥, 𝑣) sets 𝑥 to 𝑣 in M𝑘 . All these steps also

invalidate 𝑥 in all other caches to make sure the previous

value is not available anywhere.

Load steps. If a value exists in some cache, then Load𝑖 (𝑥, 𝑣)
takes its value 𝑣 from there. The global invariant ensures

that valid values in all caches are the same. In addition, a

load from cache copies the value to the cache of machine 𝑖 .

The latter ensures the correct behavior of a future LFlush
operation. If no cache has a value for 𝑥 , the value is loaded

from the memory that contains address 𝑥 .

Propagation steps. The system propagates values non-

deterministically between caches (“horizontal propagation”)

and from cache to memory (“vertical propagation”). Cache-

to-cache propagation of a value for address 𝑥 from machine

𝑖 is always toward the machine that owns 𝑥 and removes

the value from the machine 𝑖’s cache. Cache-to-memory

propagation is always from the owner’s cache to the owner’s

memory and removes the value from all caches.

Flush steps. Intuitively, LFlush𝑖 (𝑥) forces the horizon-

tal propagation of 𝑥 ’s value from C𝑖 to the cache of its

owner.When performed by the owner of 𝑥 , LFlush𝑖 (𝑥 ) forces
vertical propagation to memory. In the presence of non-

deterministic propagation steps, we achieve this effect by

ensuring that such propagation has already occurred through

a precondition (C𝑖 (𝑥) = ⊥) of LFlush𝑖 (𝑥). (This is similar to

the modeling of MFENCE in TSO, where, instead of actively

draining the store buffer, the fence simply blocks until the

buffer is drained by the silent non-deterministic propagation

steps [62].) Similarly, RFlush𝑖 (𝑥 ) forces the full propagation
to the owner’s memory by “blocking” until the value does

not exist in any of the caches. For GPF, all data that resides
in caches must be propagated to the memory on which it is

allocated. This step forces both horizontal and vertical prop-

agation, and behaves like an RFlush over the entire address

space. We model this step in the same blocking manner.

Crash step. At any point during execution, a machine

may crash non-deterministically. This results in the machine

losing the contents of its cache, and, if its memory is volatile,

re-initializing the memory to zero.

Read-modify-write Operations. The CXL specification

states that: “Each host can perform arbitrary atomic operations

supported by its Instruction-Set Architecture (ISA) by gaining

Exclusive access to a cache line, [and] performing the atomic

operation on it within its cache” (§2.4.4 in [20]). Therefore,

we model read-modify-write (RMW) operations, such as

compare-and-swap (CAS) and fetch-and-add (FAA), as an

atomic combination of a load followed by a store without

allowing interference between the two. This is similar to

how they are specified in standard operational presentation

of a strongly consistent shared-memory model. Given that

we have three types of store instructions, CXL0 essentially
includes L-RMW, R-RMW, and M-RMW primitives.

The operational semantics of the RMW operations are a

straightforward extension of the existing semantics, and for

brevity, we only depict L-RMW:

C𝑗 (𝑥 ) = 𝑣 ̸= ⊥
C
′
𝑖 = C𝑖 [𝑥 ↦→ 𝑣 ′]

∀𝑗 ̸= 𝑖 .C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

C,M
L-RMW𝑖 (𝑥,𝑣,𝑣′)−−−−−−−−−−−→ C

′,M

∀𝑗 .C𝑗 (𝑥 ) = ⊥
𝑥 ∈ Loc𝑘 M𝑘 (𝑥 ) = 𝑣

C
′
𝑖 = C𝑖 [𝑥 ↦→ 𝑣 ′]

∀𝑗 ̸= 𝑖 .C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

C,M
L-RMW𝑖 (𝑥,𝑣,𝑣′)−−−−−−−−−−−→ C

′,M

We remind that these steps are combinations of the load

and store steps, and hence it is required to distinguish be-

tween loads from C and M , as well as the different types of

store operations in CXL0. This results in a total of 6 different

RMW operations. Note also that a failed RMW, for example,
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LSTORE
C
′
𝑖 = C𝑖 [𝑥 ↦→ 𝑣]

∀𝑗 ̸= 𝑖 .C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

C,M
LStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ C

′,M

RSTORE
𝑥 ∈ Loc𝑘

C
′
𝑘
= C𝑘 [𝑥 ↦→ 𝑣]

∀𝑗 ̸= 𝑘.C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

C,M
RStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ C

′,M

MSTORE
𝑥 ∈ Loc𝑘

M
′
𝑘
= M𝑘 [𝑥 ↦→ 𝑣]

∀𝑗 ̸= 𝑘.M′
𝑗 = M𝑗

∀𝑗 .C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

C,M
MStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ C

′,M′

Crash
C
′
𝑖 = 𝜆𝑥.⊥ ∀𝑗 ̸= 𝑖 .C′

𝑗 = C𝑗

M
′
𝑖 =

{
𝜆𝑥. 0 𝑖 has volatile memory

M𝑖 𝑖 has non-volatile memory

∀𝑗 ̸= 𝑖 .M′
𝑗 = M𝑗

C,M
E𝑖−→ C

′,M′

LOAD-from-C
C𝑗 (𝑥 ) = 𝑣 ̸= ⊥
C
′
𝑖 = C𝑖 [𝑥 ↦→ 𝑣]

∀𝑗 ̸= 𝑖 .C′
𝑗 = C𝑗

C,M
Load𝑖 (𝑥,𝑣)−−−−−−−−→ C

′,M

LOAD-from-M
∀𝑗 .C𝑗 (𝑥 ) = ⊥

𝑥 ∈ Loc𝑘 M𝑘 (𝑥 ) = 𝑣

C,M
Load𝑖 (𝑥,𝑣)−−−−−−−−→ C,M

Propagate-C-C
𝑖 ̸= 𝑘 𝑥 ∈ Loc𝑘 C𝑖 (𝑥 ) = 𝑣 ̸= ⊥

C
′
𝑖 = C𝑖 [𝑥 ↦→ ⊥]

C
′
𝑘
= C𝑘 [𝑥 ↦→ 𝑣]

∀𝑗 ̸∈ {𝑖, 𝑘}.C′
𝑗 = C𝑗

C,M
𝜏−→ C

′,M

Propagate-C-M
𝑥 ∈ Loc𝑘 C𝑘 (𝑥 ) = 𝑣 ̸= ⊥

∀𝑗 .C′
𝑗 = C𝑗 [𝑥 ↦→ ⊥]

M
′
𝑘
= M𝑘 [𝑥 ↦→ 𝑣]

∀𝑗 ̸= 𝑘.M′
𝑗 = M𝑗

C,M
𝜏−→ C

′,M′

LFLUSH
C𝑖 (𝑥 ) = ⊥

C,M
LFlush𝑖 (𝑥 )−−−−−−−−−→ C,M

RFLUSH
∀𝑗 .C𝑗 (𝑥 ) = ⊥

C,M
RFlush𝑖 (𝑥 )−−−−−−−−−→ C,M

Global-Persistent-Flush
∀𝑗, 𝑥 .C𝑗 (𝑥 ) = ⊥

C,M
GPF𝑖−−−→ C,M

Figure 2. CXL0: Operational Semantics (Load, Store, Crash, and Flush Primitives)

a failed CAS, is equivalent to a plain read. Therefore, the

citation from the CXL specification describes only our L-RMW,
but implementing the other RMW operations is possible if

the cache line is kept in Exclusive or Modified state until

the post-conditions for the remote store are met.

We note that the intricacies of the model arise from the

need to handle node crashes. Without crashes, CXL0 has

simple, sequentially consistent semantics. Every load reads

the last written value to the same location, flush instructions

are benign, and all store instructions are equivalent and

executed in program order.

3.4 Intuition
Before demonstrating the behaviors of CXL0 in a few exam-

ples, we highlight several useful (and expected) implications.

We write 𝛾
𝛼1 ...𝛼𝑛−−−−−→ 𝛾 ′ if there is a sequence of transitions la-

beled 𝛼1, . . . , 𝛼𝑛 , possibly interleaved with additional silent

𝜏-steps, starting in state 𝛾 and ending in state 𝛾 ′.

Proposition 1. The following hold assuming 𝑥 ∈ Loc𝑘 ; 𝑗 ̸= 𝑘 :

1. RStore is stronger than LStore:

If 𝛾
RStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′, then 𝛾

LStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′.

2. RStore and LStore by the owner are equivalent:

If 𝛾
LStore𝑘 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′, then 𝛾

RStore𝑘 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′.

3. MStore is stronger than RStore:

If 𝛾
MStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′, then 𝛾

RStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′.

4. RFlush is stronger than LFlush:

If 𝛾
RFlush𝑖 (𝑥 )−−−−−−−−→ 𝛾 ′, then 𝛾

LFlush𝑖 (𝑥 )−−−−−−−−→ 𝛾 ′.

5. LFlush after RStore by non-owner is redundant:

If 𝛾
RStore𝑗 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′, then 𝛾

RStore𝑗 (𝑥,𝑣)·LFlush𝑗 (𝑥 )−−−−−−−−−−−−−−−−−−−−−→ 𝛾 ′.

6. RFlush after MStore is redundant:

If 𝛾
MStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′, then 𝛾

MStore𝑖 (𝑥,𝑣)·RFlush𝑖 (𝑥 )−−−−−−−−−−−−−−−−−−−−→ 𝛾 ′.

7. RStore by non-owner is simulated by LStore + LFlush:

If 𝛾
LStore𝑗 (𝑥,𝑣)·LFlush𝑗 (𝑥 )−−−−−−−−−−−−−−−−−−−−−→ 𝛾 ′, then 𝛾

RStore𝑗 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′.

8. MStore is simulated by LStore + RFlush:

If 𝛾
LStore𝑖 (𝑥,𝑣)·RFlush𝑖 (𝑥 )−−−−−−−−−−−−−−−−−−−−→ 𝛾 ′, then 𝛾

MStore𝑖 (𝑥,𝑣)−−−−−−−−−−→ 𝛾 ′.

To establish confidence, we have formulated and proved

Proposition 1 in Rocq. The Rocq files are available in [9].

Most of the arguments are straightforward. The full version

of the paper [8] contains proofs for (7) and (8), which are

more difficult to prove.

Litmus tests. Next, we discuss possible and impossible

behaviors under theCXL0model through a set of litmus tests.

We find that some of the possible behaviors are undesirable

and raise consistency issues in the face of a crash. Figure 3

depicts the litmus tests as sequences of events and operations

as they are performed by the local machine in execution

order. We assume that the execution order may differ from

the program order, as is common in commodity CPUs. We

denote memory allocated on machine 𝑖 as 𝑥𝑖 , and we assume

that all memory in the following tests is non-volatile. Note

that RStore2(𝑦
1, 𝑥2) is a shorthand for reading 𝑥2 into a local

register and then performing an RStore to 𝑦1.
We present the litmus tests as traces of CXL0 primitives.

Although the CXL specification allows transactions operat-

ing on different addresses to execute concurrently, we seri-

alize them in some possible order for simplicity. We use a

sequential presentation to determine the behavior of retired

instructions, after they have been internally ordered by the

processors executing them. This also enables us to separate

the discussion from any processor-specific memory model.

Allowed behaviors are marked with ✔, and illegal behaviors

are marked with ✗. We present scenarios that highlight the

similarities and key differences between CXL0 and previous

models that consider persistent memory.
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RStore1(𝑥
1, 1); E1; Load1(𝑥1, 0) ✔ (1)

MStore1(𝑥
1, 1); E1; Load1(𝑥1, 0) ✗ (2)

LStore1(𝑥
1, 1); LFlush1(𝑥

1
); E1; Load1(𝑥1, 0) ✗ (3)

LStore1(𝑥
2, 1); LFlush1(𝑥

2
); E2; Load1(𝑥2, 0) ✔ (4)

LStore1(𝑥
2, 1); RFlush1(𝑥

2
); E2; Load1(𝑥2, 0) ✗ (5)

LStore1(𝑥
3, 1); Load2(𝑥

3, 1); E1; Load2(𝑥3, 0) ✗ (6)

LStore1(𝑥
3, 1); Load2(𝑥

3, 1); LFlush2(𝑥
3
); E1; E2; Load2(𝑥3, 0) ✗ (7)

RStore1(𝑥
2, 1); RStore2(𝑦

1, 𝑥2
); E2; Load1(𝑦1, 1); Load1(𝑥2, 0) ✔ (8)

MStore1(𝑥
2, 1); RStore2(𝑦

1, 𝑥2
); E2; Load1(𝑦1, 1); Load1(𝑥2, 0) ✗ (9)

Figure 3. Litmus tests for CXL0

Tests 1-3 span a single machine. In the first test, the model

permits the loss of a stored value upon crashing when using

RStore because it does not guarantee that the value has

propagated to persistence before the crash. However, such

behavior is impossible in test 2 thanks to MStore, which
guarantees the persistence of the update before it returns.

Test 3 shows that a value cannot be lost if the store has been

flushed (i.e., propagated) to the local persistentmemory using

LFlush before the crash.

Tests 4-7 involve multiple machines. In Test 4, a stored

value may be lost due to a crash if it has not reached re-

mote persistent memory. Test 5 uses the stronger RFlush
which requires the value to propagate further (by requiring

∀𝑗 .C𝑗 = ⊥), thus preventing the loss of the stored value.

Tests 6 and 7 demonstrate that copying a value to the local

cache upon loading helps prevent the loss of stored values

when a machine performing an LStore to remote memory

crashes. A load operation reads the value in Test 6 from C2

after the crash, and in Test 7 from C3 after the crash, thanks

to the flush operation by machine 2.

The last two tests concern writes to multiple variables.

Test 8 shows that it is possible to lose a stored value that an-

other operation had already observed. Specifically, a possible

recovered state would include the effects of a later opera-

tion without the first. In that case, using MStore for the first

write would make it impossible to obtain an inconsistent

state upon recovery of the second machine, as seen in Test 9.

3.5 Model Variants
We describe two possible variants of our model to capture

potential hardware implementation alternatives.

Crash with cache line poisoning. Cache line poisoning
marks a line as unusable after corruption (e.g., uncorrectable

ECC errors) to prevent access to it. CXL supports cache line

poisoning upon crash of a machine. In the event of a surprise

hot unplug, link down, or transaction timeout where the

device is unresponsive, the system uses CXL Isolation (§9.9,

§12.3 in [20]). A Non-Existent Memory (MemData-NXM)

response is generatedwith the poison bit set for read requests

targeting the unreachable memory addresses, if the Poison

on Decode Error capability is enabled (§8.2.4, Table 8-117

in [20]). To capture this behavior, we provide the following

alternative Crash step:

Crash (PSN)

C
′
𝑖 = 𝜆𝑥 .⊥

∀𝑗 ̸= 𝑖, 𝑥 ̸∈ Loc𝑖 .C
′
𝑗 (𝑥 ) = C𝑗 (𝑥 ) ∀𝑗 ̸= 𝑖, 𝑥 ∈ Loc𝑖 .C

′
𝑗 (𝑥 ) = ⊥

M
′
𝑖 =

{
𝜆𝑥. 0 𝑖 has volatile memory

M𝑖 𝑖 has non-volatile memory

∀𝑗 ̸= 𝑖 .M′
𝑗 = M𝑗

C,M
E𝑖−→ C

′,M′

After a crash, the crashed machine’s addresses are mapped

to ⊥ in all caches. We call this version of the model CXL0PSN.

Remote loads with implicit write-back. Load steps in

CXL0 are deterministic. We do not model details like hard-

ware write-back responsibility because the CXL specification

does not explicitly require remote loads to update memory.

However, if hardware turns out to implement such a policy,

this would affect observable persistence and we can update

our semantics to reflect this behavior. To capture implicit

write-backs for remote loads, i.e., every change is written to

main memory before being propagated to another cache, we

may replace our LOAD-from-C step by the following:

LOAD-from-C (LWB)

C𝑖 (𝑥 ) = 𝑣 ̸= ⊥

C,M
Load𝑖 (𝑥,𝑣)−−−−−−−−→ C,M

Intuitively, this forces that all loads for non-local addresses

are served from memory. We use the same trick from be-

fore to force the full propagation to the owner’s memory by

“blocking” until the value does not exist in any of the caches.

We call this version of the model CXL0LWB
.

Comparison of the different variants. Every trace al-

lowed by the above variants is also allowed by CXL0. We

encode all model variants as communicating sequential pro-

cesses, and use the FDR4 refinement checker [35] to obtain

examples showing traces of CXL0 that are not allowed by the
variants, as well as examples showing that the two variants

are incomparable.

For that matter, consider two machines: machine 1 with

NVMM and machine 2 with volatile memory. We denote the

locations on machine 𝑖 as 𝑥𝑖 and report the validity (✔/✗) as
a triple (CXL0, CXL0LWB

, CXL0PSN):

RStore2(𝑥
1, 1); Load2(𝑥

1, 1); E1; Load2(𝑥1, 0) ✔, ✗,✔ (10)

LStore1(𝑥
1, 1); Load2(𝑥

1, 1); E1; Load1(𝑥1, 0) ✔, ✗,✔ (11)

LStore2(𝑥
1, 1); E1; Load1(𝑥1, 1); E1; Load2(𝑥1, 0) ✔,✔, ✗ (12)

In Test 10, machine 2 updates 𝑥 in the cache of machine 1

and then loads 𝑥 into its own cache. After a crash of machine

1, machine 2 reads the old value of 𝑥 under both CXL0 and
CXL0PSN. The same happens when the initial RStore of ma-

chine 2 is replaced by an LStore of machine 1 in Test 11. This

happens because both CXL0 and CXL0PSN allow updates is-

sued by LStore or RStore to be lost, as in both models loads
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Figure 4. Current System Models with CXL

may be served from the cache before the update becomes

persistent. In particular, the value may still be propagated to

the cache of machine 1 after the load. Tests 10 and 11 illus-

trate that CXL0LWB
is the most resilient model with respect

to losing updates.

In Test 12, machine 2 updates 𝑥 in its own cache, after

which machine 1 crashes. Subsequently, machine 1 loads the

latest value of 𝑥 and then crashes again. Finally, machine 2

loads the old value of 𝑥 . This test shows that CXL0PSN pre-

vents inconsistencies across consecutive crashes. In contrast,

both CXL0 and CXL0LWB
allow such behavior, as remotely

cached updates must propagate back to memory through a

set of volatile caches which are susceptible to crashes. Poison

semantics undercut this chain by poisoning of cache entries

immediately upon the first crash. Note that CXL0LWB
only

writes back data to memory in the event of a remote load.

Therefore, 𝐿𝑜𝑎𝑑1(𝑥
1, 1) does not guarantee the data reaches

main memory before the load finishes.

4 System Model Variations
As with any new standard, the adoption of CXL will be grad-

ual as the hardware, software, and standard evolve. In this

section, we present a roadmap of viable system configura-

tions based on discussions with experts from CXL vendors

and on existing setups. We characterize each configuration

and demonstrate CXL0’s applicability to each.

Host-device pair. We begin with a simple setting con-

sisting of a host and an accelerator that share memory in

a cache-coherent manner using CXL.cache and CXL.mem.

It is depicted in Fig. 4a. The host manages its own mem-

ory’s coherence, while device memory coherence is either

host-managed or bypassed, depending on the bias mode. If

memory is volatile, failure of the host or devicemay cause the

loss of the attached memory’s content. This is the first step

in the evolution of CXL deployments, as this single-machine

setup has already been deployed [45, 61].

CXL0 applies to this setting with a few restrictions. Both

the host and the device are modeled as machines with their

own cache and memory. According to the CXL specification,

the host can issue all available CXL0 primitives apart from

RStore, LFlush and remote RMWs (R-RMW and M-RMW). The
device can issue all stores, including RStore, but cannot
issue LFlush and remote RMWs. Note that CXL0 applies to
device memory in host-bias mode.

Partitioned disaggregated memory pool. Next, we dis-
cuss a setting in which multiple hosts access disjoint parts of

a memory pool for memory extension. It is depicted in Fig. 4b.

Memory is only shared between threads per host, therefore

we only have intra-host memory coherence. CXL.mem is the

key protocol in use. This realization of a disaggregated mem-

ory pool via CXL already exists [52, 76]. It is conceptually

similar to having a set of isolated machines with NVMM.

The memory pool acts as an external failure domain to the

hosts. Machine crashes do not affect the contents of the pool.

CXL0 applies to this setting with some restrictions. The

disjoint memory partitions are modeled as N additional mem-

ory nodes. Further, there is a bijection from compute nodes to

memory nodes, and no other memory is shared in the system.

Per the CXL specification, we apply the following restric-

tions to the available CXL0 primitives. We exclude RStore,
LOAD-from-C, Propagate-C-C, and remote RMWs, as there is
no interaction between hosts. Additionally, we point out that

LFlush and RFlush are semantically equivalent in this set-

ting. The remaining CXL0 primitives suffice to reason about

any concurrent program execution interleaved with a crash.

Shared disaggregated memory pool. Finally, we discuss
a globally shared memory pool. It is depicted in Fig. 4b. We

identify a gap between the CXL specification and available

hardware. Currently, there is no CPU or pool device that im-

plements CXL 4.0 back invalidation flows, so cache-coherent

sharing is unavailable [77]. Therefore, we distinguish be-

tween a non-coherent, realistic memory pool and a cache-

coherent pool envisioned according to the specification.

CXL0 does not apply to the non-coherent setting, because

the central assumption of cache coherence is not satisfied.

This means that concurrent program executions would vi-

olate CXL0’s global cache invariant. Bypassing caches, i.e.,
only allowing the CXL0 primitives MStore, LOAD-from-M,
and M-RMW, retains correctness. However, this would likely

result in a massive performance loss. Compensating for the

lack of hardware guarantees with software is an interest-

ing open research question [14, 53], particularly in the face

of potentially partially coherent pools. We note that, while

CXL0 assumes cache coherence, it is agnostic about whether

this is implemented by hardware or software. If a suitable

software protocol exists with a similar load/store interface

and coherence guarantees, then CXL0 applies to it as well.

Naturally, CXL0 applies to the fully cache-coherent ver-

sion. The memory pool is modeled as an extra memory node.

Per the CXL specification, interactions with remote caches

and remote RMWs are unavailable, so RStore, LOAD-from-C,
LFlush, Propagate-C-C, and remote RMWs are excluded.

Future configurations. We see that current CXL con-

figurations are limited compared to the general operational

semantics of CXL0. However, we have ensured that CXL0
captures the evolving nature of CXL configurations up to
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coherent memory sharing and fully symmetric capabilities

between hosts and devices.

5 Practical Implications
Next, we conduct a set of experiments to evaluate the practi-

cal implications of the CXL0 model on real hardware. The

goal is to determine how concrete CXL transactions map to

CXL0 primitives, and to measure the latency of individual

CXL0 primitives in isolation.

Our setup consists of an x86 CPU (host) and an FPGA

(device), both running CXL 1.1, with a protocol analyzer

connected between them. The CPU accesses FPGA mem-

ory via CXL.mem, and the FPGA accesses CPU memory via

CXL.cache. Therefore, both types of memory are shared and

coherent. On the FPGA side, we use a proprietary CXL IP by

Intel to configure it as a CXL Type 2 device. Besides the IP’s

default behavior, we can add custom logic between the FPGA

memory and the CXL IP. This allows us to manipulate the

CXL traffic by responding to requests or sending new ones

according to our needs. The analyzer is a Teledyne LeCroy’s

T516 Protocol Analyzer for PCIe 5.0 and CXL, which supports

all CXL sub-protocols and device types.

This setup corresponds to the first variation depicted in

Fig. 4.We generate and observe both CXL.mem andCXL.cache

transactions, and cover all of CXL0’s primitives in the evalu-

ation. As noted in §4, all other settings provide, at most, the

same set of primitives.

5.1 Mapping the CXL specification to CXL0
Table 1 depicts the mapping from CXL transactions to ab-

stract CXL0 primitives. As host requests to cache device

memory are handled by CXL.mem, and device requests to

cache host memory are handled by CXL.cache, we analyze

CXL0 from the perspectives of both the CPU and the FPGA.

The CPU is denoted as host and the the FPGA as device in the

table. We distinguish between the types of memory to which

the target address belongs: Host-attached Memory (HM) or

Host-managed Device Memory (HDM). We then create all

possible pairs of cache coherence states for the host and the

device, and all possible variations of available operations.

We use the CXL analyzer to observe the CXL transactions

that are generated on the link.

We find that there is amany-to-onemapping fromCXL.cache

and CXL.mem transactions to the abstract primitives cap-

tured in CXL0. For example, the first row of Table 1 repre-

sents a CXL0 Read primitive issued by the host CPU, e.g.,

a normal load. We denote the cache coherence states of

the host and the device before executing the CXL0 prim-

itives as (𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒) where 𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒 ∈ {𝑀, 𝐸, 𝑆, 𝐼 }
and ∗ indicates any of the possible MESI states. If it targets

HM, then two possible CXL transactions can be triggered. If

(𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒) is (∗, 𝐼 ) then no CXL transaction is observed

(None). Else, (𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒) is one of (𝑆, 𝑆), (𝐼 , 𝑆), (𝐼 , 𝐸), (𝐼 , 𝑀),
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Figure 5. Latency of CXL0 primitives on host and device.

and we observe a CXL.cache Host-to-Device (H2D) SnpInv

request. Similarly, when a CXL0 Read primitive targets

HDM, we observe two possible CXL transactions, again. If

(𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒) is (𝐼 , ∗), a CXL.mem Master-to-Subordinate

(M2S) MemRdData request occurs. If (𝐻𝑜𝑠𝑡, 𝐷𝑒𝑣𝑖𝑐𝑒) is (𝑆, 𝑆),

(𝑆, 𝐼 ), (𝐸, 𝐼 ) or (𝑀, 𝐼 ), no CXL transaction is observed (None).

In addition, not all CXL0 primitives are available (??? in
Table 1). For instance, neither an RStore nor an LFlush can

be generated on the CPU by a single instruction or sequence

of instructions. Although the FPGA provides extra flexibility

for generating CXL transactions, invoking an LFlush still

remains impossible since the proprietary IP does not offer

enough control over the underlying CXL link to issue new

custom CXL transactions which are not defined by the speci-

fication. These limitations restrict the programmer’s control

over the underlying CXL link, rendering those primitives

currently unavailable for algorithmic use. This is a critical

shortcoming because the choice of CXL0 primitive makes a

big difference to performance, as we will show next.

5.2 Latency Measurements
To measure the latency of individual CXL0 primitives in

isolation, we make the following configuration:

• For Load instructions, the initial state of a cache line is

invalid in all caches.

• For Store instructions, full cache linewrites are performed.

• To measure latency from the CPU side, we use LATTester

[74].

• To measure latency from the FPGA side, we implement

custom logic. To execute a new memory load/store request

using CXL, we issue an AXI-bus request to the CXL IP.

Upon completion, the CXL IP responds via the designated

read/write-response channels of the AXI-bus. Counting

the number of FPGA clock cycles that elapse between the

two events allows us to determine the latency of a CXL0
primitive on the device.

Figure 5 depicts latency measurements for various CXL0
primitives. We characterize five types of accesses. Host ac-

cesses to (1) Host-attachedMemory (local) or (2) Host-managed

Device Memory (HDM, remote), and device accesses to (3)

Host-attached Memory (remote), (4) HDM in host-bias (local,

but requires permission from the host) or (5) HDM in device-

bias (local). We report the median over 1000 measurements

of sequential memory accesses.
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CXL0
primitive

Node Operation to HM to HDM in Host-Bias

x86 Instructions CXL.cache H2D CXL.mem M2S
Read

Host

Load None, SnpInv None, MemRdData

LStore Store None, SnpInv None, MemRdData,

MemRd

RStore ??? ??? ???
MStore Non-Temporal Store + Fence SnpInv MemWr

LFlush ??? ??? ???
RFlush CLFlush None, SnpInv None, MemInv, MemWr

Device Operation CXL.cache D2H CXL.cache & CXL.mem
Read

Device

Caching Read None, RdShared None, RdShared

LStore Caching Write None, RdOwn None, RdOwn

RStore HM: ItoMWr / HDM: Caching

Write

ItoMWr None, RdOwn

MStore Caching Write + CLFlush (RdOwn +) DirtyEvict, WOWrInv/F,

WrInv

None, MemRd

LFlush ??? ??? ???
RFlush CLFlush CleanEvict, DirtyEvict None, MemRd

Table 1. Observable CXL transactions for all possible CXL0 primitives.

We observe that loads and stores to local memory are twice

as fast as those to remote memory for Read and MStore prim-

itives. For the CPU, it is 2.34x faster, and for the device, it

is 1.94x faster (see red vs. blue and orange vs. green bars).

These results are consistent with previous findings [25, 51].

Furthermore, accesses from the host and the device to their

respective remote CXL memory yield the same latency, de-

spite using different CXL sub-protocols.

We observe our predicted latency trends for store oper-

ations. LStore is unsurprisingly fast. However, there is a

difference between the LStore writes on the CPU and FPGA

(red and blue vs. other LStores). The CPU takes advantage

of its write buffers, while the device employs a single level

of caches and no specialized hardware. LStore primitives

issued by the FPGA also differ, with slower local cache writes

to Host-attached Memory (green) than to HDM (purple and

orange). This is due to the CXL IP using two separate caches

of different size, depending on the memory target. When a

device writes to Host-attached Memory (green bars), MStore
is 1.45x slower than RStore, which is, in turn, 2.08x slower

than LStore. These differences are expected, as access to

more distant memory incurs higher latency, and this trend

should persist in subsequent CXL versions. RFlush is the

only type of flush that both the CPU and the FPGA can in-

voke. The measured latencies are nearly identical to those of

the MStore primitive.

To summarize, we provide a mapping from CXL transac-

tions to CXL0 primitives, and find that the CXL specification

currently does not support all transactions captured in CXL0,
such as RStore from the host-side or LFlush from either side.

However, we also show that the choice of CXL0 primitive

significantly affects performance. Therefore, we advocate to

extend the specification and expose precise ISA-level con-

trols, similar to flushes in x86, as a larger set of primitives

gives the programmer finer options for data placement and

expands the design space for correctness and performance.

6 General Transformations
Ensuring correct execution of concurrent programs under

spontaneous failures is a challenging task [17, 29, 48, 70]. To

alleviate the programmer’s burden, we present a transforma-

tion that provides concurrent algorithms with fault tolerance

guarantees under CXL0. Our transformation is an adaptation

of FliT by Wei et al. [72]. We show that with minor adjust-

ments, FliT can be applied to a broader range of use cases

than originally intended. This transformation equips any

linearizable object with durable linearizability under CXL0.
First, we present a simple example that clearly illustrates the

need for a new transformation. Then, we define the desired

correctness guarantees in the CXL0 model. Next, we provide

an introduction to FliT and then discuss our adaptation of

it. The correctness proof of our transformation is given in

the full version of this work [8]. Throughout this section,

we assume that all shared memory is either non-volatile or

in a different failure domain. In addition, we do not assume

a specific memory model. All of the presented algorithms

list instructions in program order, so additional architecture-

specific memory fences may be necessary (e.g., MFENCE for
x86, and DMB for ARMv8) when implementing them on real

hardware.
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6.1 Motivating example
To emphasize the difference between the single-machine

setting modeled in [44] and the distributed setting with CXL,

we present a simple litmus test.

In the program below, 𝑟1 and 𝑟2 are local registers and

𝑥 is a shared variable initialized to 0. The program runs on

machine M1 and 𝑥 is allocated on machine M2 (𝑥 ∈ 𝐿𝑜𝑐𝑀2).

x=1; r1=x; r2=x; assert(r1==r2); ✗ (13)

We expect 𝑟1 and 𝑟2 to be equal, but our system model al-

lows for different behaviors, e.g., if M2 crashes and recovers

between the execution of the two load steps. When M1 up-

dates 𝑥 , the update resides in its cache, then propagates to

M2’s cache, and finally to M2’s memory, where it persists. If

M2 crashes after the update has left M1’s cache but before

it reaches M2’s memory, the update is lost. Thus, a remote

machine’s crash can affect the correctness of a local program,

something that doesn’t occur in single-machine settings.

The same would hold true if a flush which evicts 𝑥 from

M1’s cache is placed between the first two commands, or if

an additional flush is placed between the reads of 𝑥 . In the

full-system crashmodel, this inconsistency is impossible, and

either of the aforementioned flushes would preserve the per-

sistence ordering of future reads with respect to the update

of 𝑥 . However, our system model and the CXL0 semantics re-

quire a flush which ensures that the update reaches physical

memory in order to guarantee that the assertion is always

satisfied.

To conclude, the partial-system crash model introduces

consistency challenges, and there is a need to distinguish

between flush operations with different post-conditions.

6.2 Correctness Guarantees
Our transformation provides durable linearizability, a cor-

rectness criterion presented by Izraelevitz et al. [44] in a

full-system crash model. We discuss the applicability of the

definition to our partial-system crash model, review the key

steps in the definition’s formulation and show that it applies

to CXL0’s system model as is.

The abstract model by Izraelevitz et al. [44] treats high-

level objects and considers the invocation and response of

operations on these objects as events in the system’s his-

tory. In our model, we consider partial-system crashes, e.g.,

single-machine failures, as events as well. Machines may

accommodate multiple running threads that crash together

and instantaneously. As in [44], we assume that, when re-

covering from a crash, new threads with new and distinct

identifiers are spawned to replace the ones that operated

prior to the crash. However, we limit this to the crashed

machine, i.e., threads running on other machines are un-

interrupted. Simultaneous failures of any combination of

machines is captured in CXL0 by appending local crashes

one after the other, in any order.

We define an abstract history as a sequence of invocation,

response, and single machine crash events. All the instruc-

tions that compose into a high-level operation take place

between its invocation and response. We keep the definition

of abstract well formedness as originally defined in [44]. A

well formed history is a history in which the local history of

every thread is a properly interleaved sequence of invocation

and response events, possibly ending with a local crash.

A history is durably linearizable if it is well formed, and

linearizable after all crash events are removed from it. Lin-

earizability itself is defined using the abstract happens-before

relation between events, as described in [40, 65], which is

the partial order obtained by restricting the real-time or-

der in a history to consist of the order between events of

the same thread, as well as the order from a response event

to an invocation event. We remind that the definition of

linearizability allows both completing or omitting pending

invocations without matching responses.

While Izraelevitz et al. [44] redefine the “abstract happens-

before relation” so it orders events also with respect to

crashes, we observe that this is unnecessary, as the history

checked for linearizability is a crash-free history obtained

from the original history by removing all the crash events.

Thus, there is no need to modify the relation, and we keep

the original definition of [40, 65] as is. Therefore, the defini-

tion of durable linearizability is agnostic about the scope of

a crash and applies to our model without modification. From

this point on, we use the term “durably linearizable” in the

context of CXL0’s system model and failure model, which

captures crashes at single machine granularity.

We recall that linearizability and durable linearizability

are local, composable properties. In other words, combining

(durably) linearizable objects yields (durably) linearizable

histories. This locality has immense practical implications,

as objects designed to satisfy some local property can be

used together without further reasoning or adaptations, and

the resulting executions will also satisfy that property.

6.3 Introduction to FliT
We seek to devise a general and correct transformation that

satisfies durable linearizability and chose to adapt FliT by

Wei et al. [72]. FliT takes linearizable objects and makes them

durably linearizable in the full-system crash model. Among

existing transformations that extend objects with durable

linearizability in the single-machine, full-system crash model

(§7), FliT is general as it only requires the original object to be

linearizable. Following prior FliT proofs [13, 72], we separate

liveness from safety. Ourwork focuses exclusively on durable

linearizability, which is a safety property, and leaves liveness

to the programmer. Therefore, just like original FliT, we

assume the original data structure to be non-blocking to

trivially guarantee liveness.

Due to the locality of durable linearizability, it is possible

to transform every object independently to ensure that an
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Alg. 1. The Original FliT Transformation (for x86)

1 T private_load(T∗ X) {
2 return X−>Load();
3 }
4 void private_store(T∗ X, T args, bool pflag) {
5 if (pflag) {
6 X−>Store(args);
7 Flush(X);
8 MFENCE();
9 }
10 else X−>Store(args);
11 }
12 T shared_load(T∗ X, bool pflag) {
13 T val = X−>Load();
14 if (pflag && flit_counter(X) > 0) Flush(X);
15 return val;
16 }
17 void shared_store(T∗ X, T args, bool pflag) {
18 FENCE();
19 if (pflag) {
20 flit_counter(X).fetch&add(1);
21 X−>Store(args);
22 Flush(X);
23 MFENCE();
24 flit_counter(X).fetch&sub(1);
25 }
26 else X−>Store(args);
27 }
28 void completeOp() {
29 MFENCE();
30 }

algorithm spanning multiple objects inherits its correctness

from the underlying objects. It is important to note that FliT

transforms objects that are already linearizable, i.e., synchro-

nization over high-level objects is handled at the object level.

Consequently, FliT does not introduce extra concurrency

control, nor does our adaptation.

At the core of FliT is a classification of memory accesses.

FliT distinguishes between shared and private memory op-

erations. Private memory operations operate on data that

will never be accessed by more than one thread concurrently.

Examples include thread-local counters and logs. Conversely,

shared operations span shared data that may be accessed

concurrently by multiple threads. Furthermore, FliT also dif-

ferentiates between operations that need to become persis-

tent and those that do not. To avoid blindly persisting every

memory write, FliT uses a persistence flag (pflag) to tag

only the necessary operations. This flag indicates whether

the address is in persistent memory, and whether updates

to that address should be durably linearizable. Only tagged

operations are handled with the proper flush instructions.

The original version of the FliT transformation assumes

execution on an x86 processor and is depicted in Alg. 1. With

x86, FliT assumes the total-store-order memory model (TSO),

and that a Flush corresponds to an optimized asynchronous

flush instruction (e.g., CLFLUSHOPT). FliT uses SFENCE, which
acts as a memory barrier that no store operation can cross

in any direction. Prior flush operations must be completed

before a thread can perform store instructions after this

barrier.

The private_load, private_store, shared_load, and
shared_store methods serve as wrappers for memory ac-

cesses that provide persistence and durable linearizability

with the help of completeOp. The private_load method

performs a load of the specified object. If flagged as persis-

tent, a private_store of an object stores it in persistent

memory by performing a Store operation (Line 6) followed

by a Flush to write the value to memory. Otherwise, it per-

forms a Store (Line 10), which has no guarantees with re-

spect to persistence, so its propagation to memory may be

reordered with those of later stores. The shared_load and
shared_store methods satisfy a guarantee stronger than

just persistence of flagged operations: durable linearizability.

Because a store operation is not immediately persistent af-

ter execution, it may become globally visible without being

guaranteed to survive a crash. FliT ensures that, when a

value is read, it is already persistent by the time the high-

level operation containing that read completes and before

any subsequent shared_store.
To avoid naïvely flushing every location upon reading,

FliT uses a shared counter for each shared object, called

the FliT counter. This counter signals to readers that a store

is being performed, but it is not necessarily persistent yet.

Shared store operations increment the counter (Line 20) be-

fore applying the store to shared memory and persisting it

(Lines 22 and 23), and decrement it after the store persists

(i.e., after a corresponding full memory barrier, Line 24). A

shared load operation checks if the counter’s value is posi-

tive. If so, it helps to propagate the stored value by flushing

it without issuing a FENCE instruction. The complementing

FENCE instructions are located in the completeOp method

and at the beginning of a shared_store (Line 18). FliT’s

methods take an additional argument (pflag) to distinguish

between tagged and non-tagged operations. This flag in-

dicates whether the address is in persistent memory, and

whether updates to that address should be durably lineariz-

able. If pflag is not set, operations do not flush the object

to persistent memory.

Lastly, FliT facilitates completeOp, a method which guar-

antees that all effects of the high-level operation are persisted

before the operation returns, as asserted by the definition of

durable linearizability. This method consists of a single mem-

ory fence (Line 29) and guarantees that flushes executed by

shared_load operations take effect before it returns. Write

persistence is already guaranteed at the end of the store

operation itself.

When using FliT, shared and private memory access meth-

ods are expected to wrap concrete memory accesses of the

high-level object, and a completeOp is expected to be placed
at the end of every high-level object operation.

6.4 Adapting FliT to CXL0
As shown in the brief example, FliT cannot be adopted as is in

CXL0, due to the semantics of the store and flush instructions
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Alg. 2. FliT Transformation for CXL0
31 T private_load(T∗ X) {
32 return X−>Load();
33 }
34 void private_store(T∗ X, T args, bool pflag) {
35 if (pflag) {
36 X->LStore(args);

37 RFlush(X);
38 }
39 else X->LStore(args);
40 }
41 T shared_load(T∗ X, bool pflag) {
42 T val = X−>Load();
43 if (pflag && flit_counter(X) > 0) RFlush(X);
44 return val;
45 }
46 void shared_store(T∗ X, T args, bool pflag) {
47 if (pflag) {
48 flit_counter(X).fetch&add(1);
49 X->LStore(args);

50 RFlush(X);
51 flit_counter(X).fetch&sub(1);
52 }
53 else X->LStore(args);
54 }
55 void completeOp() { }

that it uses. In addition, FliT employs asynchronous flushes,

deferring the time where reads are guaranteed to be flushed

until the following memory fence. Hence, it is vulnerable

and must be adapted for partial-system crashes.

Our transformation is designed for high-level code. We

assume support for CXL0’s load, store, and flush primitives

in the form of respective high-level instructions or methods.

We also assume that there exists an atomic fetch-and-add

(FAA) operation, and remind that CXL0 captures the behavior
of RMW operations as part of its operational semantics. Unlike

the original FliT, we do not assume a fixed memory model.

Alg. 2 depicts our adaptation of FliT. All Flush instructions
are replaced with RFlush, and all stores, whether marked for

persistence or not, use LStore instead of the architecture’s

store instruction. The choice of RFlush ensures that locally

cached updates become persistent before the high-level oper-

ation is completed, thereby achieving durable linearizability.

We mark the translated lines with a colored background. In

the full version [8], we prove that our transformation yields

durably linearizable objects when applied to linearizable

ones.

The completeOp method is empty in our transformation.

In the original FliT, we recall that the method comprises a

single memory fence. This fence is unnecessary when as-

suming both in-order execution and synchronous flushes.

However, when applying our transformation to real hard-

ware with weaker memory models, Alg. 2 should employ

appropriate fences to enforce correct ordering.

6.5 Implementation and performance
LStore and RFlush are available in all cache-coherent set-

tings of the system model evolution, which highlights the ap-

plicability of this transformation to a wide variety of current

and future CXL setups. Generally, it is possible to substitute

one sequence of primitives for another that is semantically

equivalent (see Proposition 1). For instance, replacing all

stores with MStore automatically satisfies the desired dura-

bility guarantees, even in systems without cache coherence.

However, this is expected to yield inferior performance, and

even the CXL specification advises using weaker transac-

tions for better performance (§3.5.2.3 in [20]). One way to

achieve this is by exploiting additional address information.

For example, RFlush can be replaced with LFlush for all

memory locations owned by the writing machine. In ad-

dition, if implicit write-back on remote loads is supported

system-wide, FliT counters can be kept in local memory. Our

adaptation allows automatic instrumentation of the trans-

formation based solely on the memory address. However,

as with FliT, manual tuning is still required to reduce the

number of flush instructions for optimal performance.

7 Related Work
A variety of work has provided formal semantics for shared-

memory models that were originally specified in prose or

internal engineering discussions. This includes seminal work

for x86 [59, 67], other multi-core architectures [5, 31], GPU

concurrency [56, 64], non-volatile memory with full-system

crashes [62], and remote memory access (RMA) [24]. Our

work falls within this scope. However, given that CXL 3.0

hardware is not currently available, we cannot test our model

against actual implementations. Thus, our evaluation is con-

fined to version 1.1 of the CXL standard (see §5).

Goens et al. [36] describe how specific memory models

fuse together, focusing on PTX and x86. Our work proposes

a higher-level programming model on top of CXL and is

agnostic about the memory model’s internals.

Multiple attempts have been made to provide concurrent

algorithms with durability guarantees. Our work is inspired

by Izraelevitz et al. [44], who propose a programming model

for persistent memory, study correctness notions under this

model, and suggest the first general construction for lin-

earizable objects. However, their construction has limited

applicability because of its performance overhead. Since then,

several more specialized constructions have been proposed.

NVTraverse [32] targets lock-free traversal data structures.

Mirror [34] is an automatic transformation for any lock-

free data structure. FliT [72] transforms any linearizable

object without restriction, as discussed before. Montage [73]

guarantees recoverability to some consistent state, but not

necessarily to the most recent one prior to the crash. These

constructions are designed for the full-system crash model

and local persistent memory. In this paper we show how to
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transform such objects to work in the more general partial-

system failure model and with disaggregated memory.

Some systems are CXL ready. However, they neither pro-

vide a general programming model nor a transformation for

existing algorithms. Āpta [60] is a design for function-as-a-

service (FaaS) over CXL, it does not target shared memory

and does not consider multiple architectures. Li et al. [52]

designed Pond, a memory pooling system for CXL. Maruf

et al. [57] propose TPP for OS-level page placement on top

of CXL. Lupin [78] helps distributed applications tolerate

partial failures using a shared CXL pod for replication. These

system designs are orthogonal to this work.

Frameworks and systems for general disaggregated mem-

ory architectures enjoy increasing interest in recent years.

Lee et al. [49] propose an RDMA basedmemorymanagement

system. Teleport [75] and Cowbird [18] offer techniques for

better distributing work across the system. Calciu et al. [16]

develop a software runtime that aims to improve memory

access times. However, these do not target CXL and aim

to improve either work distribution or memory access pat-

terns. By contrast, our work contributes a correct general

transformation for any concurrent algorithm.

8 Conclusion and Future Work
This work introduces CXL0, the first programming model

designed for disaggregated memory using CXL technology.

We demonstrate the applicability of CXL0 to current and fu-

ture CXL setups, and illustrate its usefulness by developing a

transformation that enables linearizable and durably lineariz-

able concurrent algorithms to function correctly within a

CXL environment. Adapting existing algorithms to the new

model allows both researchers and practitioners to explore

new opportunities in this design space.

We consider CXL0 to be a solid foundation that can be

refined in various ways. We have already discussed two

variants in §3.5. It would be useful to extend CXL0 with

heterogeneous memory settings with non-CXL, privatized

memory to capute more application use-cases. Another in-

teresting refinement would be to distinguish between syn-

chronous (posted, in PCIe terminology) and asynchronous

(non-posted) CXL transactions (see §5.2 of the survey by

Das Sharma et al. [25]). Finally, relaxing durability semantics

has generally been shown to be beneficial for performance

[7, 73] and can be explored here as well. Enhancing CXL0
with these perspectives will result in a richer model and po-

tentially better-performing transformations and algorithms.
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