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Abstract

Recent Linux memory-management interfaces make it prac-
tical to revisit distributed shared memory (DSM) as a de-
ployable runtime substrate for conventional multithreaded
software. We present STRETCH, a userspace fault-driven page-
granularity DSM runtime that combines userfaul tfd-based
fault interception, centralized MSI-style coherence (i.e., Mod-
ified, Shared, or Invalid), and CRIU-based thread placement to
extend a process across multiple machines. Missing-page and
write-protection faults are translated into fetch, invalidation,
and ownership-transfer operations, while distributed barri-
ers and coarse-grained mutexes reuse the same mechanism.
STRETCH supports both automatic tracking of anonymous
regions and an explicit tracked-region mode that focuses
coherence on genuinely shared memory.

We evaluate STRETCH on coherence microbenchmarks and
seven Phoenix workloads on four CloudLab servers. The re-
sults show that the computation-to-page-fault ratio is the
dominant performance predictor. Compute-intensive work-
loads such as Matrix Multiply achieve up to 3.39% speedup,
whereas fine-grained write sharing in KMeans triggers in-
validation storms that defeat page-granularity DSM. RDMA
reduces key coherence operations by up to 4X relative to
TCP when the server has sufficient CPU provisioning, but its
advantage largely disappears when the centralized server is
CPU-bound. These results identify both the practical regime
in which a Linux-based fault-driven DSM is effective and the
limitations that remain fundamental at page granularity.

CCS Concepts: « Software and its engineering — Dis-
tributed memory; Virtual memory.
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1 Introduction

Modern compute and memory intensive applications increas-
ingly outgrow the performance, memory capacity, and en-
ergy budget of a single machine [7, 19, 24, 26, 38]. Scaling
such applications across multiple nodes is therefore attrac-
tive for both throughput and resource efficiency, especially
when clusters combine powerful servers with lower-power
machines. Yet this form of scale-out remains difficult for con-
ventional multithreaded software. Existing applications are
written against a shared-memory abstraction, and moving
them to distributed environments typically requires either
rewriting them for message passing [8, 10] or relying on
substantial kernel support [17, 20]. Both approaches reduce
deployability and raise the barrier to adoption.

Distributed shared memory (DSM) offers a more natu-
ral abstraction by preserving the shared-memory program-
ming model while allowing memory to span machine bound-
aries [19]. However, classic and modern DSM systems often
depend on one or more strong assumptions: kernel modifi-
cations, specialized hardware, language or compiler support,
or restrictive execution models [2, 4, 8, 17, 20, 22, 37]. As a
result, they leave open a practical systems question that has
become increasingly relevant with the availability of Linux
user-space memory-management primitives: how far can re-
cent Linux memory-management interfaces take a deployable
DSM runtime for existing multithreaded applications?

This question is timely because the hardware landscape
has shifted in DSM’s favor. While DRAM access latency
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has remained largely flat over the past three decades (ap-
proximately 200-250 CPU cycles), network latency has im-
proved by orders of magnitude: modern RDMA intercon-
nects achieve sub-microsecond round trips, bringing re-
mote memory access within an order of magnitude of lo-
cal DRAM [7, 11]. At the same time, Linux has introduced
userspace interfaces (most notably userfaultfd [13], since
Linux 4.3) that allow page faults and protection changes to
be handled entirely in user space, opening a design space
that was not available to classic DSM systems.

This paper answers that question with STRETCH, a fault-
driven DSM runtime for distributed execution of multithread-
ed applications on commodity Linux. STRETCH is built around
recent Linux memory-management interfaces to intercept
missing-page and write-protection faults in user space and to
drive coherence actions [13]. At page granularity, STRETCH
maintains coherence across nodes through a centralized MSI-
style protocol [28], combining fault-driven page fetch, invali-
dation, and ownership transfer using existing Linux facilities.
In this sense, STRETCH should be viewed not merely as a
thread offloading mechanism, but as a deployable memory-
management runtime that extends a process’s shared address
space beyond a single machine.

To make this memory abstraction usable for existing soft-
ware, execution contexts must also be distributed across
machines. STRETCH addresses this by integrating with Linux
CRIU (Checkpoint/Restore In Userspace) [30] for selective
thread checkpointing and restoration: individual threads can
be extracted from a running process and resumed on remote
nodes, where they participate in the same logical address
space through the DSM runtime. Optionally, STRETCH can
transform thread contexts across instruction set architec-
tures (ISAs) to support heterogeneous platforms [1, 2, 23].
While these placement mechanisms broaden the system’s
applicability, our evaluation focuses primarily on character-
izing the performance envelope and deployment tradeoffs
of the fault-driven memory-coherence runtime itself.

Overall, this paper makes the following contributions:

e We design and implement STRETCH, a fault-driven
page-granularity DSM runtime for existing POSIX-
threaded applications on commodity Linux, with both
automatic and explicit tracked-region modes. The
code is publicly available at https://popcornlinux.org/
stretch/.

e We show how userfaultfd-driven page faults, cen-
tralized MSI-style coherence, cross-process memory
operations, and distributed barriers and coarse-grained
mutexes can be composed into a practical fault-driven
coherence protocol.

e We characterize when page-based DSM is effective
through evaluation on seven benchmarks and coher-
ence microbenchmarks, identifying the computation-
to-page-fault ratio as a key performance predictor and
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exposing the tradeoffs of page-granularity coherence
for different sharing patterns.

e As a secondary use case, we show how the same run-
time can support selective thread placement and op-
tional heterogeneous-ISA execution via CRIU-based
checkpoint/restore.

2 Background and Problem Setting

This section summarizes the memory-management mecha-
nisms that make STRETCH possible and clarifies the problem
setting addressed in this paper. We also identify the spe-
cific substrate needed to realize a coherent shared-memory
runtime for existing multithreaded applications on Linux.

Distributed Shared Memory. Distributed Shared Mem-
ory (DSM) provides the abstraction of a single shared ad-
dress space across physically separate machines [19]. Under
this abstraction, threads executing on different nodes can
access shared data using ordinary loads and stores, while
the runtime maintains coherence and propagates updates
behind the scenes. DSM designs differ primarily in their co-
herence granularity, consistency semantics, and implemen-
tation layer. Hardware-supported DSM can offer low-latency
coherence but typically depends on specialized intercon-
nects and limited deployment environments [36]. Software
DSM, by contrast, implements coherence at the operating-
system, language-runtime, middleware, or user level, trading
lower hardware assumptions for higher runtime overhead
and more visible policy decisions [4, 5, 7, 12, 17, 26].

For this paper, the important observation is that coher-
ence is fundamentally a memory-management problem: the
runtime must decide when a page is valid, who owns the
writable copy, when stale copies must be invalidated, and
how missing data is fetched on demand. STRETCH adopts a
page-granularity software DSM design because page faults
and page protection are the natural control points exposed
by stock Linux user-space interfaces. This choice favors de-
ployability and transparency, but it also makes protocol costs
(such as invalidation traffic, ownership transfer, and false
sharing) central to the system design.

Linux User-Space Memory-Management Interfaces.
A key enabler for STRETCH is userfaultfd, introduced in
Linux 4.3, which allows user-space software to intercept
and resolve page faults on registered memory regions [13].
When a thread accesses an unmapped or write-protected
page inside such a region, the kernel notifies a user-space
handler, which can then resolve the fault by supplying page
contents, changing protection state, or delaying completion
until external work finishes. This interface has been used for
demand paging, live migration, and checkpointing [30], and
it is the primary mechanism that allows STRETCH to turn
memory accesses into protocol events without requiring
kernel modifications.
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STRETCH also relies on additional Linux interfaces to ma-
nipulate address spaces from user space. The process_vm
_readv and process_vm_writev system calls support direct
cross-process memory reads and writes, allowing monitors to
extract or modify process state without full duplication [16].
The madvise family provides page-level control over mem-
ory contents and reuse, which STRETCH leverages to inval-
idate stale pages and force subsequent accesses to re-fault
so that coherence can be re-established [14]. Together, these
interfaces provide the low-level substrate for a fault-driven
DSM runtime: userfaultfd detects when access cannot pro-
ceed locally, while madvise and cross-process memory oper-
ations support invalidation, refill, and page-state transitions.

Tracked Regions. userfaultfd only reports faults for
regions that the runtime explicitly registers. A practical DSM
therefore needs a policy for deciding which virtual-memory
areas participate in coherence. STRETCH supports two such
policies. In automatic mode, the runtime registers anony-
mous regions after restore. In explicit mode, the application
or benchmark supplies the shared ranges and synchroniza-
tion pages that should participate in DSM coherence. The ex-
plicit mode avoids coherence traffic on thread-private heaps
and allocator metadata; we use it in the evaluation so that
the reported faults correspond to intended sharing rather
than unrelated memory activity.

CRIU and Selective Thread Placement. CRIU (Check-
point/Restore In Userspace) captures a running process into
a collection of image files containing registers, memory map-
pings, file descriptors, thread-local storage (TLS), and other
execution state, and can later restore that state on a com-
patible system [30]. CRIU uses a protobuf-based image for-
mat that can be inspected and edited via CRIU’s Image Tool
(CRIT) [32], which STRETCH leverages to manipulate per-
thread state for selective restoration. Existing CRIU usage
primarily targets whole-process checkpointing, migration,
and fault tolerance. In STRETCH, CRIU serves a different pur-
pose: it is the execution-state substrate that makes the DSM
abstraction usable for existing multithreaded software.

Specifically, STRETCH builds on CRIU’s image format to iso-
late and rewrite per-thread state so that selected threads can
be restored on remote nodes while others continue locally.
This selective placement capability is important because dis-
tributed execution does not arise from memory management
alone; it also requires the runtime to place execution contexts
on different machines while preserving access to a common
logical address space. In STRETCH, CRIU therefore comple-
ments the DSM layer: CRIU moves execution contexts, while
the DSM runtime maintains coherent access to shared pages
after those contexts are distributed.

Heterogeneous Execution Contexts. Prior work has
shown that execution contexts can be migrated across
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ISAs by combining compiler-assisted multiversioning, ABI-
aware state translation, and runtime rewriting of thread
contexts [1, 2, 23]. These systems address the problem of
preserving a thread’s control state, register contents, stack
layout, and calling conventions when execution moves be-
tween heterogeneous processors. In practice, this requires
both static support, such as generating compatible code vari-
ants for different architectures, and dynamic support for
rewriting saved contexts so that restored threads can re-
sume correctly on a different ISA. STRETCH leverages these
techniques to support cross-ISA distributed execution.

Problem Setting. Taken together, these mechanisms de-
fine the problem setting for STRETCH. We consider multi-
threaded applications written against a conventional shared-
memory model and seek to execute their threads across mul-
tiple machines without changing their fundamental program-
ming model. The runtime must therefore: (1) detect when a
memory access cannot be satisfied from a valid local copy, (2)
fetch or transfer page ownership on demand, (3) invalidate
stale copies when writes occur, and (4) continue to do so
while threads are selectively placed on different nodes, and
(5) support synchronization primitives (barriers, mutexes)
that span distributed threads. These requirements motivate
the page-based, fault-driven design presented in the next
section.

3 Design and Implementation

This section presents the design of STRETCH as a fault-driven
memory-coherence runtime for existing multithreaded appli-
cations. The key challenge is to preserve a coherent shared-
memory abstraction after threads are placed on different
machines. To do so, STRETCH combines four elements: (1)
selective checkpointing and restoration of thread execution
contexts, (2) a page-granularity DSM protocol driven by
user-space fault handling, (3) a distributed synchronization
mechanism that maps the barriers and mutexes used by our
workloads onto the same fault-driven substrate, and (4) im-
plementations for invalidation, page extraction, and optional
cross-ISA thread placement.

Process Transform
Checkpointing CRIU Images

SMELE

Images

Images

Local Node

Remote Node N

Remote Node 1

Figure 1. Overview of STRETCH's workflow.

Figure 1 illustrates this workflow. STRETCH first check-
points a running multithreaded process using CRIU, produc-
ing a set of image files that encode per-thread register state,
stacks, TLS, memory mappings, and process metadata [33]. It
then selects a subset of threads for remote placement, rewrites
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the corresponding images so that those threads can be restored
independently, and transfers them to destination nodes. Once
threads resume across multiple machines, STRETCH registers
shared-memory regions with userfaultfd and manages all
subsequent missing-page and write-protect faults in user
space. In this way, thread placement and page coherence
are composed into a single runtime that extends the shared-
memory abstraction across machine boundaries.

3.1 Execution Placement via CRIU

Before the DSM layer can maintain coherence, execution con-
texts must be distributed across machines. STRETCH achieves
this by checkpointing a running application with CRIU and
rewriting the resulting image files so that selected threads
can be restored independently on remote nodes. CRIU nor-
mally treats a multithreaded process as a single restoration
unit; STRETCH modifies the process-hierarchy metadata so
that selected threads are decoupled and can be reconstructed
on destination nodes without restoring the entire original
process. Optionally, STRETCH can leverage cross-ISA thread
migration techniques [1, 2, 23] to translate thread contexts
for heterogeneous platforms.

The output of this phase is a set of execution contexts
placed across machines, but not yet a functioning distributed
program. After restoration, local and remote threads still
need coherent access to shared pages—the central challenge
addressed by the DSM layer described next.

3.2 Page-Based DSM Design

Once threads are distributed, STRETCH provides a page-based
distributed shared-memory abstraction that allows them to
operate over a logically unified address space while phys-
ically executing on different nodes. The design goal is not
to emulate hardware cache coherence, but to preserve the
shared-memory programming model for multithreaded soft-
ware using page faults and page protection as the available
control points.

B main thread remote thread N
age
el {|[Page Faur
"""""" [ i=----------(|| Page Fault
Page Fault | DSM-Server | ! DSM-Client |
9 — —i T Page
Page i uffd-handler | \ | i uffd-handler | || |hyjidation
Invalidation // I I
Message Layer

Figure 2. Overview of DSM components in STRETCH.

Figure 2 shows the main components. On the primary
node, a userspace monitor process hosts a DSM server and
a userfaultfd handler that intercepts page faults from the
local thread. The DSM server maintains global metadata
for shared pages, including ownership, sharing state, and
pending coherence actions. Each remote node runs a sym-
metric monitor process containing a DSM client and its own
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userfaultfd handler. Remote clients forward local faults
and invalidation events to the server and apply the server’s
decisions on behalf of the corresponding thread. All control
and data messages, including page requests, page payloads,
and invalidation notifications, flow through the message
layer between the server and clients.

Memory model and page ownership. STRETCH distin-
guishes between pages that are private to one execution
context and pages that may be accessed across nodes af-
ter thread placement. Only the latter are managed by the
DSM runtime. For these shared pages, STRETCH uses page
granularity as the coherence unit because page presence
and page permissions are the mechanisms exposed by Linux
user-space interfaces. This choice favors deployability and
transparency, but it also means that protocol overhead is
governed by page movement, invalidation frequency, and
false sharing.

Tracked regions. Because userfaultfd only reports
page faults for registered virtual-memory areas, STRETCH
must decide which restored mappings are placed under DSM
control. STRETCH provides two registration modes. In auto-
matic mode, the runtime scans the restore threads’ memory
map after restore and registers all eligible anonymous map-
pings with userfaultfd, requiring no application annota-
tions but potentially including thread-private heap regions
and allocator metadata that are not intentionally shared
across nodes. In explicit mode, the application or runtime
specifies the shared data ranges and dedicated synchroniza-
tion pages to register. This mode avoids tracking obviously
private regions and reduces unnecessary coherence traffic.
All performance results in Section 4 use the explicit mode so
that measured faults more closely reflect intended inter-node
sharing.

MSI-style page states. STRETCH uses a centralized MSI-
style protocol [28] to maintain consistency across nodes.
Each shared page is in one of three states: Modified (M),
Shared (S), or Invalid (I). A page in the Modified state is
writable on exactly one node, which holds the authoritative
copy. A page in the Shared state may be replicated on mul-
tiple nodes, but those copies are read-only. A page in the
Invalid state is either absent or stale on a node and must be
revalidated before access can continue. The centralized DSM
server serializes ownership changes, tracks which nodes hold
valid copies, and resolves conflicting requests.

Fault-driven operation. A page access becomes a DSM
event only when it cannot be satisfied locally. STRETCH relies
on userfaultfd to surface two cases to user space: missing-
page faults and write-protect faults. Missing-page faults oc-
cur when a page is not currently resident or has been inval-
idated. Write-protect faults occur when a thread attempts
to write to a read-only shared copy. In both cases, the local
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userfaultfd handler converts the fault into a DSM protocol
request and sends it to the server.

For a read access to an invalid page, the server identifies
the current owner or another valid holder, retrieves the page
contents, installs a readable copy at the requester, and up-
dates the metadata so that both nodes may hold the page
in the Shared state. For a write access to a shared page, the
server invalidates all other readable copies, waits until those
copies are revoked, and then grants exclusive ownership to
the requester, transitioning that node’s copy to Modified. For
a write access to an invalid page, the server first obtains the
latest contents from the current owner if necessary, then
performs the same ownership transfer and invalidation se-
quence before allowing the write to proceed. This protocol
ensures that exactly one node holds a writable copy of a
shared page at a time.

Protocol message types. The fault-driven protocol uses

three message types that correspond to the MSI state tran-
sitions above. A MSG_GET_PAGE_DATA request is issued on
a read fault to an invalid page: the server retrieves the
page from the current owner via process_vm_readv, ap-
plies write protection on the owner’s copy (M—S), installs
a shared copy at the server, and forwards the page to the
requester (I—S). In this way, the server retains a cached copy
when transitioning to the Shared state, reducing subsequent
read-fault latency for future pages accesses.
A MSG_SEND_INVALIDATE request is issued on a write fault to
a shared page: the server sends invalidation commands to all
other holders, waits for acknowledgments confirming each
node has discarded its copy via madvise (MADV_DONTNEED),
and then grants exclusive ownership to the requester (S—M).
A MSG_GET_PAGE_DATA_INVALIDATE request combines both:
for a write fault to an invalid page, the server retrieves
the page from the owner, invalidates all other copies, and
grants exclusive ownership to the requester in a single round
(I->M).

Design implications. The protocol is intentionally cen-
tralized. This keeps the design simple and makes coherence
decisions explicit at the page level, which is useful for a de-
ployable userspace runtime. The tradeoff is that the DSM
server lies on the control path for ownership transfers and
invalidations, making server CPU resources and sharing pat-
terns important determinants of performance. In particular,
write-intensive workloads and false sharing amplify coher-
ence traffic, while read-dominant or coarse-grained sharing
patterns are more favorable.

Invalidation mechanisms. A key design choice is how
stale pages are invalidated inside the target process. Our
current prototype uses process_madvise() [15] together
with a lightweight kprobe-based helper to discard remote
pages from the monitor without injecting code into the target
process; this is the configuration used in the evaluation. We
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also maintain a slower fully user-space fallback based on
CRIU’s Compel utility [31], which injects a helper into the
target process to perform madvise (MADV_DONTNEED) locally.
Both mechanisms expose the same protocol semantics; they
differ only in how page discard is triggered.

By combining user-space fault interception, centralized
page-state management, and explicit invalidation, STRETCH
realizes a coherent shared-memory abstraction across nodes
while keeping the coherence control path in user space.

3.3 Distributed Synchronization

Distributing threads across machines introduces a chal-
lenge for synchronization primitives that originally operated
within a single address space. STRETCH addresses this by
mapping existing POSIX synchronization semantics onto the
fault-driven DSM protocol, allowing barriers and mutexes
to function across distributed threads without changing the
application level synchronization API.

[ 1: Local Barrier ]
sync

local

sync
[ 2: Global Barrier ]
BARRIER_HIT

BARRIER_HIT

sync

global

wait all
RELEASE

RELEASE

[ 3: Page Exchange ]
page fault

page data

A

DSM
page fault

page data

A

4: Global Barrier (confirm) ]
BARRTER_HIT
BARRIER_HIT

global

RELEASE

RELEASE

5: Local Release
resume

local

resume resume

Figure 3. Five-phase distributed barrier protocol. Represen-
tative threads trigger faults on a dedicated barrier page; the
server coordinates global synchronization. Phase 3 uses DSM
page faults to prefetch shared pages.

Barrier protocol. STRETCH implements a five-phase bar-
rier protocol that leverages userfaultfd-registered barrier
pages—dedicated pages whose faults are interpreted as syn-
chronization events rather than coherence requests. Figure 3
illustrates the protocol:

1. Local barrier. All threads within each node synchro-
nize at a local pthread_barrier, ensuring that intra-
node computation is complete before any global coor-
dination begins.



ISMM °26, June 16, 2026, Boulder, CO, USA

2. First global barrier. A representative thread on each
node triggers a read fault on the barrier page, gen-
erating a BARRIER_HIT message to the DSM server.
The server waits until all nodes have reported before
proceeding.

3. Page exchange. After global alignment, threads on
each node issue page-fault-driven requests to fetch
any shared pages needed for the next computation
phase. This phase ensures that all nodes hold consis-
tent copies of shared data before resuming.

4. Second global barrier. Representative threads fault
again on the barrier page to signal that page exchanges
are complete. The server confirms all nodes have fin-
ished before releasing.

5. Local release. Each node releases its local threads,
and computation resumes.

This design reuses the existing userfaultfd fault-
handling infrastructure: barrier pages are simply pages
whose fault handlers dispatch synchronization messages
rather than coherence requests. No additional communica-
tion channel or kernel mechanism is required.

Mutex support. For POSIX mutexes, STRETCH follows
the same page-fault-driven approach as barriers. A thread
first acquires the mutex locally, then triggers a write fault on
a dedicated lock page, which the DSM server interprets as a
MSG_LOCK_REQUEST. The server serializes these requests and
grants the lock to exactly one client at a time. On unlock, the
thread triggers a second fault on the same page, signaling a
MSG_UNLOCK request to the server, after which the local lock
is released. A key property of this design is transparency:
since the synchronization is mediated entirely through page
faults, the application code requires no modification and re-
mains functional even without STRETCH deployed, as the ker-
nel handles the faults normally in that case. The cost of each
lock acquisition includes a full page-fault and ownership-
transfer round trip, making this mechanism best suited for
coarse-grained critical sections where the lock-hold time
dominates the acquisition overhead.

The current prototype implements distributed barriers and
coarse-grained mutexes, which are sufficient for the work-
loads we evaluate. Condition variables and reader-writer
locks are not yet implemented in the distributed runtime and
remain future work.

3.4 Communication Architecture

STRETCH uses a hub-based communication topology in which
all DSM clients connect exclusively to the centralized server,
and clients never communicate directly with one another.
This design keeps the number of connections linear in the
number of nodes (n connections for n clients) and ensures
that the server has a consistent, serialized view of all coher-
ence traffic.

99

Edoardo D’Alessio, Mohamed Husain Noor Mohamed, Xiaoguang Wang, and Binoy Ravindran

On the server side, one dedicated communication thread is
spawned per connected client, enabling parallel handling of
concurrent requests from different nodes. Each client connec-
tion is protected by a per-client lock: when any server thread
needs to send a message to a particular client, it acquires that
client’s lock, transmits the message, and releases the lock.
This strategy guarantees serialized message ordering to each
client without requiring a global lock that would serialize all
server activity.

On the client side, two threads handle DSM operations: a
userfaultfd handler thread that intercepts page faults from
the application and converts them into DSM requests, and a
receiver thread that processes incoming messages from the
server (MSI commands, page data, barrier signals). Both TCP
and RDMA transports share this threading model; the trans-
port layer is abstracted behind a common message interface,
allowing the same coherence protocol to operate over either
transport without changes to the protocol logic.

3.5 Implementation Details

We implemented STRETCH by extending CRIU and integrat-
ing a userspace DSM runtime to support thread-level distri-
bution across nodes. At a high level, our implementation has
four pieces: (1) selective thread restoration, (2) fault inter-
ception and server-side page tracking, (3) page invalidation
and extraction, and (4) optional cross-ISA context transfor-
mation.

Selective thread restoration. To control which threads
are reconstructed on each node, we modify CRIU’s Image
Tool (CRIT) to parse and edit pstree. img, which encodes
the process and thread hierarchy in a protobuf-based JSON
representation [21, 32]. By removing selected thread iden-
tifiers from this hierarchy on one node and constructing
corresponding image sets for other nodes, STRETCH deter-
mines the placement of threads after restoration.

To restore a child thread independently of the original
main thread, STRETCH also adjusts the per-thread core im-
ages generated by CRIU. In particular, we copy the tc (task
context) field from the main thread’s core-<tid>. img file
into the core images of selected child threads. This change
allows CRIU’s restore operation to treat the chosen thread
as a self-contained process, effectively decoupling thread
migration from the original process hierarchy.

Fault interception and page tracking. Shared-memory
regions are registered with userfaultfd so that missing-
page and write-protect faults can be intercepted in user space.
The local userfaultfd handler runs as part of the monitor
process and executes an event loop that receives fault notifi-
cations from the kernel, classifies them by type, and converts
them into DSM messages. These messages are sent to the cen-
tralized DSM server, which is implemented as a poll-based
event dispatcher. The server tracks per-page metadata in a
struct page_data table and coordinates coherence actions
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by communicating with local clients over UNIX pipes and
with remote nodes over TCP sockets or RDMA.

Page invalidation and extraction. In the evaluated pro-
totype, the monitor extracts pages with process_vm_readv
and invalidates them with process_madvise() mediated
by the kprobe helper. This avoids repeated parasite injec-
tion on the coherence fast path while preserving the same
logical page-state transitions described above. We retain a
Compel-based fallback for environments that prioritize ker-
nel independence over throughput.

Optional heterogeneous execution. For cross-ISA de-
ployment, STRETCH compiles the application into semanti-
cally equivalent binaries from shared LLVM IR, then trans-
forms per-thread register state, stack layout, and calling-
convention details at migration time using techniques from
Popcorn Linux and DAPPER [1, 2]. This is an optional exten-
sion; the core memory-coherence runtime operates indepen-
dently of ISA translation.

Overall, the implementation reflects the central thesis of
this paper: recent Linux memory-management mechanisms—
userfaultfd for fault interception, process_vm_x for page
extraction, and madvise-based invalidation—are sufficient to
realize a practical page-coherent DSM runtime for existing
multithreaded software.

4 FEvaluation

We evaluate a prototype of STRETCH under both homoge-
neous and heterogeneous hardware environments.

For homogeneous cluster setting, we conduct experiments
on CloudLab’s Utah cluster (c6525-25g) to demonstrate that
STRETCH can be deployed on production-grade infrastructure.
Each node is equipped with an AMD EPYC 7302P processor
(16 cores / 32 threads) with SMT enabled and 120 GiB of
DRAM. Networking is provided by Mellanox ConnectX-5
adapters operating in RoCE mode, configured with an MTU
of 1024 B and 25 Gbps link bandwidth. All nodes run Ubuntu
24.04 with Linux kernel 6.8.0-71-generic, GCC 13, and our
instrumented version of CRIU 4.0 integrated with STRETCH.

We evaluated STRETCH on this homogeneous machine set-
ting using the Phoenix benchmark suites [6, 29]. Unless oth-
erwise noted, the evaluation uses STRETCH’s explicit tracked-
region mode. Each benchmark supplies the DSM runtime
with the ranges of genuinely shared data and with dedi-
cated synchronization pages, and the shared arrays used in
the experiments are page-aligned to reduce false sharing.
These adjustments do not change the benchmark algorithms,
but they avoid conflating DSM cost with unrelated heap
metadata or allocator placement. Unless stated otherwise,
all experiments also use the lower-overhead page-transfer
and invalidation path based on process_vm_readv() and
process_madvise() from Section 3.5.
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To evaluate distributed thread execution on heterogeneous
machines and measure energy efficiency, we use a local x86-
64 Xeon server as the primary node (similar to the CloudLab
server) and three Raspberry Pi 4 (RPi4) boards as remote
nodes. All machines run Ubuntu Server 22.04 with Linux
kernel 5.14, a configuration chosen specifically to satisfy the
Popcorn Linux compiler’s requirement for matching kernel
and toolchain versions [27]. Power consumption is measured
using a SURAIELEC Energy Watt Meter.

4.1 Microbenchmarks

To quantify the cost of individual DSM coherence operations
under the two network transports, we design a three-node,
page-level microbenchmark exchanging 512 pages. As shown
in Table 1, we measure the latency of GET_PAGE_INVALIDATE
across three distinct transfer directions, corresponding to
the possible ownership configurations in the MSI protocol.

Table 1. Page state transitions across nodes (M for Modified,
S for Shared and I for Invalid)

Phase Ci1|S|C2
Startup S|1S| S
Set Up M |1 I
Server—Client 1 (S-C1) I | M| I
Client 2-Server ( C2-S) I | I | M
Client 1-Server—Client 2 (C1-S-C2) | M | I I

After an initial setup phase where Client 1 acquires
exclusive ownership via SEND_INVALIDATE, we evaluate:
(1) Server—Client 1(S-C1), where the server requests the page
from Client 1; (2) Client 2-Server (C2-S), where Client 2
requests the page from the server; and (3) Client 1-Server—
Client 2 (C1-S-C2), the three-hop case where the server must
forward the request to the current owner and retrieve the
page on behalf of the requester. We evaluate three CPU allo-
cation configurations (1 core, 2 cores, and 32 cores) to study
the impact of CPU provisioning on coherence latency, com-
paring TCP and RDMA transports while holding the number
of nodes, workload, and shared-memory footprint constant.

TCP
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Figure 4. Page test time by transport and direction.

Figure 4 highlights a fundamental asymmetry between the
two networking methods. Under TCP, latency remains stable
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across all CPU configurations; specifically, the C1-S-C2 case
ranges from 212 to 226ms, while S-C1 and C2-S remain steady
at approximately 136ms and 106—110ms, respectively. These
results confirm that core availability does not significantly
impact TCP performance.

Under RDMA, behavior is strongly dependent on CPU
provisioning. With a single core, C1-S-C2 reaches 305ms
and C2-S reaches 221ms, both worse than TCP in the same
configuration. Moving to 2 cores, latency drops sharply to
around 50ms across all directions. With 32 cores, perfor-
mance remains in a similar range, with the exception of the
S-C1 direction which improves further. The poor single-core
RDMA performance stems from its higher CPU involvement:
our implementation relies on busy-polling and completion
queue processing, which contend with application and fault-
handler threads when only one core is available. TCP instead
benefits from kernel-level scheduling and interrupt-driven
progress, yielding more predictable behavior under core pres-
sure. Once additional cores are available, RDMA can dedicate
execution resources to communication progress, exposing
its lower-latency data path and outperforming TCP.

4.2 Phoenix Benchmark Suite

Figure 5 presents the execution time of the Phoenix bench-
mark suite [6, 29] under STRETCH using TCP compared to
vanilla multithreaded execution, i.e. the unmodified Phoenix
binary on a single machine. Each plot reports total execution
time broken down into three components: (i) the normal ex-
ecution phase, (ii) the CRIU-based process checkpoint phase
(dump), and (iii) STRETCH’s process snapshot rewriting and
thread restore phase (restore). We evaluate several distribu-
tion configurations for each benchmark by restoring different
subsets of threads across multiple remote nodes (e.g., 4+4,
32+32, or 2+2+2+2), while keeping the total number of active
cores constant. These results should be read as a regime char-
acterization rather than a claim of universal scale-out: the
suite intentionally includes both workloads that amortize
DSM faults well and workloads that do not.

Overall, the results show that STRETCH is able to scale
out multithreaded applications across multiple machines
with modest overhead. Across all benchmarks, the dump and
restore overheads remain small relative to total execution
time, typically less than 5-10%, and become negligible as
the number of threads increases. However, the benchmarks
exhibit qualitatively different scaling behavior depending on
their memory access patterns and input sizes. We classify
them into two groups and discuss each below.

Scalable benchmarks. Matrix Multiply, PCA, and
KMeans admit arbitrarily large inputs, thereby stressing the
DSM runtime at scale.

Matrix Multiply (6000x6000) is the clearest success case for
STRETCH. For the experiment, we used a 6,000-by-6,000 ma-
trix. Each fetched page of matrix data sustains O(n) floating-
point operations before the next page fault, yielding a high
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computation-to-page-fault ratio. STRETCH achieves up to
3.39% speedup at 4 cores distributed across 4 nodes, and
multi-node configurations (e.g., 16+16+16+16) consistently
outperform single-node execution by distributing both com-
putation and memory bandwidth.

PCA computes an asymmetric covariance matrix where
earlier threads handle proportionally more work. A naive
equal distribution of threads across nodes leaves some nodes
idle while others are overloaded. With a work-balanced con-
figuration (9+10+21+34 threads), STRETCH achieves 2.08%
speedup, compared to 1.38%x with an equal split. This result
highlights that thread placement strategy, not just thread
count, is an important factor for DSM performance. However,
PCA incurs a significant deployment overhead, particularly
in the full-core configuration, which limits speedup gains at
high core counts.

KMeans is the most challenging benchmark and a clear
negative result. Centroid updates touch shared pages in
tight loops, generating write-invalidation storms that dom-
inate execution time. STRETCH achieves only 0.17-0.22x
of vanilla performance across all configurations and core
counts. This result is expected: iterative clustering with fine-
grained global updates is fundamentally incompatible with
page-granularity coherence, regardless of transport or CPU
provisioning.

Input-limited benchmarks. String Match, Word Count,
Histogram, and Linear Regression exhaust their maximum
feasible input sizes at moderate parallelism, limiting the op-
portunity for DSM-based scaling.

String Match is a read-only scan that generates no write-
sharing. STRETCH achieves 3.22X speedup at 1 core (2 nodes),
declining to 1.22X at 5 cores as the vanilla baseline satu-
rates. This benchmark validates correct thread distribution
but provides no insight into DSM coherence costs. Word
Count allocates per-bucket counters across shared pages, ex-
hibiting moderate page reuse. Speedups range from 4.06X at
1 core to 0.90X at 8 cores, where vanilla execution already
approaches hardware limits and DSM overhead becomes
non-amortizable. Histogram updates a small, fixed-size out-
put array (two pages per thread). With few shared pages,
DSM overhead is modest. Speedups range from 3.45X at 1
core to 1.23X at 8 cores. Linear Regression is purely compute-
bound with limited input scaling; speedups range from 3.16X
at 1 core to 1.46X at 5 cores.

RDMA versus TCP across benchmarks. The Phoenix
results reinforce the microbenchmark finding from Figure 4:
RDMA’s advantage depends on server CPU availability.
At low core counts, where the DSM server is CPU-bound
on completion-queue polling and coherence bookkeeping,
RDMA can underperform TCP across multiple benchmarks.
As more cores become available, RDMA’s ability to bypass
the kernel networking stack yields lower coherence latency
and faster page transfers. This observation has practical de-
ployment implications: RDMA-accelerated DSM should be



STRETCH : A Fault-Driven DSM Runtime for Distributed Multithreaded Applications

ISMM ’26, June 16, 2026, Boulder, CO, USA

Histogram Linear Regression String Match Word Count
l vanilla vanilla 16 4 vanilla 120 A vanilla
| =g 16 1 =g =g =g
¥ Sy _ ma+d _ ma+d _ Sy
w m2424242 | @ | m2+2+242 | B 12 | m2+24242 | B 90 A 2424242
o 24 o = o
L L 2 2
5 § S 1l p S s{ £ 60 -
O 16 A 3} 3] 3}
Q [0} (] [0}
ki | & 1 ia &
s{HE I 4 AR fR " I <11k N 30 -
||'I""' ||'I' ||'|'| |||
i i o LATRL O JMIR_"hed I 1 o LATW Rk i i [l o LI Shon_oomt
2 3 4
Number of Restored Cores Number of Restored Cores Number of Restored Cores Number of Restored Cores
KMeans Matrix Multiply PCA
vanilla vanilla 120 A vanilla
8 1 =32 240 | =64 | =64
. m16+16 . 32432 . ™ 32432
P I I I8+8+8+8 o ®16+16+16+16 | B 90 - I m9+10+21+34
=] I o 180 o Phases
L I 2 L R
aé . I I g § 60 4 i M Restore
o 8120 ~ I | Dump
& & & H :
2 60 I I I I 30 1 I I I (lower is better)
i I L1l |
| |
o Lol_oAN_00 .50 AN I i o LANAR_CHAN_SRRI_ARR

8

Number of Restored Cores Number of Restored Cores

4
Number of Restored Cores

Figure 5. Execution time of the Phoenix benchmark suite.

Table 2. Summary of Phoenix benchmark results under
STRETCH.

Benchmark Best Config Dominant Pattern
Matrix Mult. 3.39X  4c,4 nodes Compute-intensive
Word Count  4.06X  1c, 4 nodes Moderate sharing
Histogram 3.45X  1c,4nodes Few shared pages
String Match  3.22X  1c, 4 nodes Read-only

Lin. Regr. 3.16X 1c,4nodes Compute-bound
PCA 2.08X 4c, balanced Asymmetric compute
KMeans 0.22X  4c, 4 nodes Write-storm

provisioned with dedicated server-side CPU resources to
realize its latency advantage.

Table 2 summarizes the best speedup achieved by each
benchmark, the corresponding configuration, and the dom-
inant memory access pattern. The results confirm that
STRETCH is most effective for workloads with high com-
putation per page access and coarse-grained sharing, while
fine-grained write-sharing remains a fundamental challenge
for page-based DSM.

4.3 Secondary Use Case: Heterogeneous Deployment
(x86 + ARM)

As an additional use case, we evaluate STRETCH on hetero-
geneous x86—-ARM hardware to demonstrate that the DSM

runtime operates correctly across ISAs. We run three multi-
threaded applications (Blackscholes, grep, matrix multi-
plication) from the Popcorn compiler suite [2, 27], each with
one main thread and three workers, distributing workers to
Raspberry Pi 4 nodes.

Figure 6 (left) shows that scaled-out execution consistently
outperforms the single-core local baseline, with execution
time decreasing as more remote nodes are added. Figure 6
(right) reports energy efficiency: matrix multiplication im-
proves by 22% and grep by 14% in jobs per kilojoule when
offloading threads to low-power ARM nodes. These results
confirm that STRETCH’s coherence protocol operates cor-
rectly across ISA boundaries. The memory-management be-
havior under heterogeneous deployment is identical to the
homogeneous case; the additional cost is limited to the one-
time thread-context transformation at migration time.

5 Discussion

The evaluation in Section 4 shows that STRETCH can sustain
distributed execution for a range of multithreaded workloads,
but with significant performance variation across bench-
marks. In this section we analyze the factors that determine
when page-based DSM is effective, discuss the tradeoffs in-
herent in our design, and identify current limitations.

5.1 Computation-to-Page-Fault Ratio

The single most important predictor of STRETCH’s perfor-
mance is the ratio of useful computation performed between
successive page faults to the cost of servicing each fault. A
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1 CPU core. Right: energy efficiency (jobs/k]J) of local vs. scaled-out execution.

page fault in STRETCH involves a kernel-to-userspace notifi-
cation via userfaultfd, a protocol round-trip to the central-
ized server, a page transfer over the network, and installation
of the page into the faulting process’s address space. When
this cost is amortized over a large volume of computation
per fetched page, the DSM overhead becomes negligible and
distributed execution achieves near-linear speedups.

Our Phoenix results (Figure 5, Table 2) illustrate this di-
rectly. Matrix Multiply achieves up to 3.39%x speedup because
each fetched page of matrix data sustains O(n) floating-point
operations before the next fault—this benefit is scalable, per-
sisting as more cores and nodes are added. At the other
extreme, KMeans achieves only 0.17-0.22X of vanilla per-
formance because centroid updates touch shared pages in
tight loops, generating invalidation storms that dominate
execution time. Between these extremes, benchmarks like
PCA (2.08x) and Word Count (4.06X at 1 core) occupy a mid-
dle ground. Word Count achieves the highest raw speedup
number in our suite, but this reflects the weak single-core
vanilla baseline rather than scalable DSM performance: its
speedup declines to 0.90X at 8 cores as the vanilla baseline
saturates the available parallelism.

This metric provides a practical guideline: workloads are
good candidates for STRETCH when their per-page computa-
tion substantially exceeds the round-trip cost of a coherence
operation. For the CloudLab hardware used in our evalua-
tion, this cost is on the order of 30-60 ms with RDMA and
130-225 ms with TCP (Figure 4). Applications whose inner
loops perform hundreds of thousands of operations per page
access, such as dense linear algebra or Monte Carlo simula-
tions, are natural fits. Applications with tight update loops
over shared data structures, such as iterative clustering, are
not.

5.2 Page Granularity and False Sharing

STRETCH operates at page granularity (4 KB) because page
faults and page-level protection are the control points ex-
posed by Linux’s memory-management interfaces. This
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choice is fundamental to deployability: it requires no com-
piler support and no new programming model. However, it
also means that coherence operates at a coarser grain than
the application’s actual sharing patterns.

This page-granularity design creates a transparency-
versus-control tradeoff. STRETCH can automatically register
anonymous regions after restore, but fully automatic track-
ing includes allocator metadata and thread-private pages that
generate faults unrelated to intended sharing. For that rea-
son, the evaluation uses explicit region registration and page-
aligned shared allocations. These are modest DSM-aware
adjustments, but they mean that the strongest performance
results in Section 4 should be read as applying to applications
whose shared working set can be identified, not to arbitrary
binaries with zero setup.

The primary consequence is false sharing. When unrelated
variables reside on the same physical page, a write to one
variable invalidates the entire page on all other nodes, even
if no other node accesses that specific variable. This effect
is well-known in cache-coherence literature [4, 12] and is
amplified in a software DSM where invalidation costs are
orders of magnitude higher than in hardware.

In hardware cache coherence, false sharing at the 64-byte
cache-line level adds nanoseconds of overhead per spurious
invalidation—a cost that is usually tolerable. In STRETCH, the
same phenomenon at 4 KB page granularity incurs microsec-
onds per invalidation, making it a first-order performance
concern rather than a secondary effect. KMeans illustrates
this directly: centroid arrays are small enough that multiple
centroids share the same page, and each centroid update
by any node invalidates the entire page on all other nodes,
producing a cascade of coherence traffic disproportionate to
the actual data modified.

In practice, STRETCH offers two mitigations. First, shared
data structures can be allocated via mmap with explicit page
alignment, ensuring that distinct logical structures do not
share physical pages. Second, STRETCH supports explicit page
selection, where only memory regions that are genuinely
shared across threads are registered with the DSM runtime,
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avoiding coherence traffic for thread-private data that hap-
pens to reside in anonymous pages. Both techniques can
significantly reduce spurious invalidation traffic.

More broadly, these observations highlight that for page-
based DSM, memory layout is as important as algorithmic
structure in determining performance. The choice of alloca-
tor, the alignment of shared data structures, and the separa-
tion of read-shared from write-shared regions all have direct
impact on coherence cost—considerations that are familiar in
hardware cache optimization but take on new significance at
page granularity, where the penalty for poor layout is three
orders of magnitude larger.

5.3 Centralized Server: Scalability and Alternatives

A recurring design question is the scalability of STRETCH’s
centralized DSM server. By design, all ownership transi-
tions, invalidation decisions, and page transfers are serialized
through a single server process. This architecture keeps the
coherence protocol simple and correct: there is exactly one
authority for each page’s state, and conflicting requests are
resolved in a well-defined order. For small-to-medium clus-
ters (2-8 nodes), this design is sufficient, as demonstrated by
our evaluation.

However, the centralized server also represents a poten-
tial bottleneck. Figure 4 shows that server CPU provision-
ing directly affects coherence latency: when the server is
constrained to a single core, RDMA performance degrades
by 4-5x because completion-queue polling and coherence
bookkeeping contend for the same core. Write-intensive
workloads amplify this effect, as each write fault generates
invalidation messages proportional to the number of nodes.

Several alternative designs could address this limitation.
Self-invalidation protocols, as used in ArgoDSM [11], elimi-
nate the need for explicit invalidation messages by having
each node invalidate its own stale copies at synchroniza-
tion points. This approach removes the server from the in-
validation path entirely, but requires the application to be
data-race-free, a stronger assumption than STRETCH requires.
Distributed directory protocols partition page ownership
across multiple nodes, avoiding a single bottleneck but in-
troducing complexity in resolving cross-partition conflicts.
Hardware-assisted coherence via CXL [38] offers a comple-
mentary path, where interconnect-level support can reduce
the software overhead of page-state management.

STRETCH’s centralized design reflects a deliberate trade-
off: simplicity and correctness in exchange for scalability
limits. For the target deployment scenario—extending a mul-
tithreaded application beyond a single machine using only
userspace mechanisms on commodity hardware—this trade-
off is appropriate. The evaluation shows that with adequate
CPU provisioning (2+ cores) and RDMA transport, the server
sustains coherence for the workloads and cluster sizes we
consider.
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5.4 Fault Tolerance

Our current prototype does not include fault-tolerance mech-
anisms. If a node fails during distributed execution, the entire
computation must be restarted. However, CRIU checkpoints
provide a natural recovery substrate: because STRETCH al-
ready captures full process state at the beginning of dis-
tributed execution, periodic re-checkpointing during execu-
tion could enable rollback recovery with bounded lost work.
Integrating such a mechanism would require extending the
DSM protocol with epoch-based tracking to identify which
pages have been modified since the last checkpoint, ensur-
ing that recovered state is consistent across nodes. Full fault
tolerance, including replication, logging, or speculative exe-
cution, is orthogonal to the current coherence design and is
left as future work.

5.5 Limitations and Future Directions

Beyond the scalability and fault-tolerance considerations
discussed above, several limitations merit explicit acknowl-
edgment. First, write-intensive workloads with fine-grained
sharing remain fundamentally challenging for any page-
based DSM, and STRETCH is no exception. The KMeans re-
sults illustrate this clearly: when the working set is repeat-
edly written across all nodes, coherence overhead dominates
regardless of transport or CPU provisioning. Second, the op-
timized invalidation path in our evaluated prototype relies
on process_madvise() with a lightweight helper, while the
fully user-space Compel fallback is slower; narrowing that
gap is an important deployment issue. Third, cross-ISA exe-
cution overhead is not fully characterized in our evaluation;
the compilation pipeline (shared LLVM IR, per-architecture
code generation) and per-thread context transformation add
latency that we have not isolated from DSM costs. Fourth,
STRETCH currently performs static thread placement at the
beginning of execution; dynamic re-placement in response
to load imbalance or changing access patterns could improve
performance but would require extending the checkpoint/re-
store mechanism to operate on running threads.

Looking forward, we identify several promising directions.
Integrating self-invalidation techniques from ArgoDSM’s
protocol design could reduce server load for data-race-free
workloads while retaining STRETCH’s centralized fallback for
general programs. Page prefetching based on access-pattern
prediction could hide fault latency for applications with reg-
ular memory access patterns. Finally, the emergence of CXL-
based memory pooling offers an opportunity to combine
STRETCH’s software coherence with hardware-assisted re-
mote memory access, potentially narrowing the gap between
local and remote page-access costs.

6 Related Work

Classic and modern DSM systems. Distributed Shared
Memory (DSM) systems aim to provide a unified mem-
ory abstraction across physically separate machines [19].



ISMM °26, June 16, 2026, Boulder, CO, USA

Classic DSM systems like IVY [18], TreadMarks [12], and
Munin [4] introduced coherence protocols and consistency
models for shared-memory programs, but typically required
kernel modifications or OS-level hooks, limiting deploya-
bility on commodity platforms. More recent systems lever-
age high-speed networks or hardware support: FaRM [7]
and DrTM [5] use one-sided RDMA for low-latency key-
value access, Grappa [26] provides a partitioned global ad-
dress space over RDMA, DEX [17] enables distributed mul-
tithreaded execution with kernel-level DSM but is tied to a
modified Linux kernel and a single ISA, and CXL-SHM [38]
explores hardware-coherent shared memory over CXL in-
terconnects. DEX is the closest prior system in overall goal.
Relative to DEX, STRETCH moves the coherence control path
out of a modified kernel, targets a commodity-Linux de-
ployment with explicit tracked regions, and treats selective
thread placement and heterogeneity as supporting capabili-
ties rather than the main contribution.

ArgoDSM [11] takes a fundamentally different approach
to coherence by using self-invalidation and passive data-
classification directories. Rather than having a central server
send explicit invalidation messages, each node invalidates its
own stale copies at synchronization points. This eliminates
message-handler latency and enables local coherence deci-
sions, but requires applications to be data-race-free (DRF)—
a stronger assumption than STRETCH requires. Where Ar-
goDSM trades generality for scalability, STRETCH's central-
ized protocol supports arbitrary sharing patterns at the cost
of server-mediated transitions. These two designs represent
complementary points in the DSM design space.

DRust [22] achieves object-level coherence for Rust pro-
grams by leveraging the language’s ownership semantics to
track sharing at fine granularity, avoiding page-level false
sharing. However, DRust requires applications to be written
in Rust and cannot support existing C/C++ POSIX-threaded
programs directly. STRETCH trades coherence granularity for
broader applicability: it targets conventional POSIX-threaded
applications, although our best-performing configurations
use explicit region registration.

Frameworks like MPI [8] and Ray [24] support scaling
out across machines but follow message-passing or actor
models that require applications to be written explicitly for
distributed execution. In contrast, STRETCH preserves the
shared-memory multithreading abstraction, allowing exist-
ing POSIX-threaded programs to scale out with modest DSM-
aware setup. Commercial systems such as TidalScale and
ScaleMP [9] aggregate multiple physical machines into a
single virtual SMP using hypervisor-level page-fault inter-
ception and transparent memory migration. While these
approaches provide full transparency to the guest operat-
ing system, they require specialized hypervisor software
and dedicated deployment infrastructure. STRETCH pursues
a similar goal but with a lighter-weight commodity-Linux
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design centered on user-space fault handling and explicit
tracked regions, rather than a full virtualization layer.

The userfaultfd interface has been used for postcopy
live migration, demand paging, and fast snapshotting within
single-node environments. STRETCH extends userfaultfd
beyond single-node memory virtualization to drive a full
cross-node coherence protocol—a qualitatively different use
of the same kernel interface. CRIU has been widely used
for container migration and fault tolerance [3, 25, 35, 39];
Dapper extends it to cross-ISA whole-process migration [1].
STRETCH extends CRIU to thread-level selective migration
and combines it with a userspace DSM, whereas prior CRIU-
based systems do not provide distributed memory coherence.

Existing systems such as Popcorn Linux [2], Stramash [37],
HeterSec [34], and UNIFICO [23] support execution across
heterogeneous ISAs but typically require kernel modifica-
tions or specialized OS support. STRETCH optionally reuses
cross-ISA techniques from these systems for thread-context
transformation, but its core contribution - the userspace
coherence runtime - is independent of ISA translation.

7 Conclusion

This paper presented STRETCH, a fault-driven distributed
shared memory runtime for multithreaded applications on
commodity Linux. STRETCH combines CRIU-based thread
placement, centralized MSI-style page coherence driven by
userfaultfd, and a fault-driven synchronization mecha-
nism for the barriers and coarse-grained mutexes used by
our workloads.

The evaluation shows that the computation-to-page-fault
ratio is the key determinant of performance: Matrix Multiply
reaches up to 3.39% speedup and PCA 2.08%, while KMeans
exposes the fundamental cost of fine-grained write sharing
at page granularity. RDMA lowers coherence latency by
up to 4X relative to TCP when the centralized server has
enough CPU resources. Overall, these results suggest that
modern Linux memory-management interfaces are sufficient
to support a practical DSM runtime for small-to-medium
clusters when the shared working set can be identified and
false sharing is controlled. Future work includes distributed
coherence metadata, better fully user-space invalidation, and
page prefetching for regular access patterns.
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