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Abstract

Compute Express Link (CXL) has drawn intense industry fo-
cus on memory-expansion devices that use CXL.mem to add
capacity, and as large-scale Al models demand massive, dis-
tributed memory footprints, the conversation has shifted to-
ward CXL.mem as the substrate for network-attached mem-
ory pools. The prevailing mental model treats a CXL mem-
ory device as a “far” NUMA node, implying that latency is
the primary hurdle. I argue this model is latency-accurate but
bandwidth-blind: CXL link bandwidth trails a single multi-
channel DDR socket by roughly an order of magnitude, and
the High-Bandwidth Memory that feeds Al accelerators by
nearly two—a gap that widens once a link is shared across
a pool. This disparity, not latency, reshapes the economics
of scaling models across distributed memory. With CXL 2.0
only recently delivering hardware memory pooling, the work
to build truly memory-coherent clusters remains ahead of us.
This paper looks past simple expansion and asks what na-
tive cluster execution on a fully coherent CXL fabric requires
across switching, firmware, and the Linux kernel’s memory
and networking subsystems. I close with an opinionated con-
jecture: coherence at cluster scale should be fabric-resident,
distributed, and tiered, with edge home agents on the DPU.
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Introduction

The datacenter’s memory hierarchy is being pulled apart. As
model sizes and context windows grow faster than any sin-
gle server’s memory can hold, the industry has reached for
Compute Express Link as the interconnect that lets mem-
ory live outside the box that consumes it. CXL is a cache-
coherent interconnect layered on the PCle physical layer, and
its CXL.mem sub-protocol lets a host issue ordinary load and
store instructions against memory that physically resides on
a remote device [6, 34]. A CXL Type-3 memory device sur-
faces to the operating system as a CPU-less NUMA node—
and that is precisely where the trouble starts, because the anal-
ogy is taken too literally.

The “far NUMA node” framing carries an implicit claim:
that the only thing separating device memory from local
memory is latency, and that if the latency is tolerable, the rest

is a software placement problem. The first half of that claim is
correct. Real, on-silicon CXL memory adds only about two to
three times the load-to-use latency of local DRAM [19, 35],
comparable to a remote NUMA hop and roughly an order
of magnitude better than RDMA. The second half is where
the model fails. Latency is not the constraint that breaks at
scale—bandwidth is. A single CXL device delivers a small
fraction of the bandwidth of the multi-channel DDR socket
it is meant to augment, and a tiny fraction of the HBM that
feeds a GPU. Treating that device as “just a slower NUMA
node” hides the one number that governs throughput for the
workloads driving CXL adoption in the first place.

This paper argues that bandwidth, not latency, is the wall
standing between CXL memory expansion and native cluster
execution on a coherent fabric—and it examines what closing
that gap would actually require. This paper will focus on:

¢ The bandwidth argument, quantified precisely. Why
the “far NUMA node” model is latency-accurate but
bandwidth-blind, with the per-device and per-core gap
stated against each baseline—DDR, HBM, and a shared
pool—rather than leaning on a single round number.

e What CXL 2.0 pooling delivers today, and what it does
not. Partitioned (not shared) capacity, the Fabric Manager,
and an honest accounting of the skeptic’s case against pool-
ing alongside the case for it.

¢ The moonshot, layer by layer. The concrete work re-
quired across switching/fabric infrastructure, firmware,
and the Linux kernel’s memory and networking sub-
systems to move from expansion to coherent cluster
execution—each with current state, gaps, and tradeoffs.

* Where the coherency manager should live. The pa-
per’s centerpiece: separating the control-plane Fabric
Manager from the data-plane coherency manager, com-
paring five candidate placements, and committing to a
position—Fabric-Resident Tiered Coherence with edge
home agents—offered as a conjecture with high-level pro-
tocol sketches to provoke discussion.

I write this as a position paper, not a measurement study.
The fabric I want to build—a multi-host, memory-coherent
cluster that uses CXL itself as the coherency protocol—does
not yet exist, and the contribution here is to say what it would
take to build it and to stake out where I think the hard prob-
lems lie.



Background: CXL in Three Acts

CXL defines three sub-protocols multiplexed over one link:
CXL.io, functionally PCle, for discovery, configuration, and
DMA; CXL.cache, which lets a device coherently cache host
memory; and CXL.mem, which lets the host issue coher-
ent loads and stores against device memory [6, 34]. Mem-
ory devices are Type-3 devices: they expose CXL.mem (and
CXL.io for management) and present their capacity to the OS
as a memoryless NUMA node [34, 35]. The progression the
industry is now living through has three acts (Figure 1).

Expansion (CXL 1.1). A single Type-3 device attaches
directly behind one host, adding capacity to that host. There
is no sharing and no switch; the device is a private, slower tier
of memory for its owner.

Pooling (CXL 2.0). A single switch layer lets several hosts
draw capacity from a shared physical device. The device par-
titions into up to sixteen Logical Devices (an MLD, multi-
logical device), plus one Fabric-Manager-owned LD; each
LD carries its own LD-ID, appears to its host as an indepen-
dent Type-3 device, and is bound to that host’s virtual hier-
archy by the Fabric Manager [6, 7]. The critical caveat—too
often glossed—is that 2.0 pooling is partitioned, not shared.
Each host owns its LD’s capacity as dedicated space. There
is no hardware-coherent cross-host sharing of a region; the
value proposition is statistical multiplexing of capacity, not
collaboration over common data [6, 7]. A 2.0 switch connects
hosts to devices but cannot connect to other switches, so the
scale of a pool is bounded by one switch’s port count [10, 34].

Fabrics (CXL 3.0). This is where coherent sharing be-
comes architecturally possible. 3.0 replaces the older bias-
based coherency with directory/snoop-filter coherency and
adds Back-Invalidation: a device can invalidate host caches
over new BISnp/BIRsp channels, which is what enables an
inclusive snoop filter and, crucially, hardware-enforced co-
herent shared memory across independent hosts [10, 34].
Switches can now connect to switches; Port-Based Routing
(PBR) scales addressing to as many as 4,096 nodes, where
a node may be a host, an accelerator, a PCle device, or
a Global Fabric-Attached Memory (GFAM) device—a fully
disaggregated pool that up to 4,095 peer nodes reach directly
or through switches, with the back-invalidate logic living on
the GFAM device itself [10, 34]. Unordered I/O plus BI
further allows device-to-device access without routing every
transaction through a host, breaking the tree-topology bottle-
neck [10, 34].

Beyond 3.0. The specification has not stood still. CXL
3.1 added inter-host communication over fabric memory via
Global Integrated Memory (GIM) and a Fabric Manager API
for PBR switches [8]; 3.2 standardized the CXL Hotness
Monitoring Unit (CHMU), device-side hot-page telemetry I
return to below [11]; and 4.0 moved to a PCle 7.0 PHY
at 128 GT/s and introduced bundled ports, which spray traf-
fic across aggregated physical ports for higher effective link
bandwidth [12]. It is worth noticing what the newest revi-
sion’s headline features are: bandwidth features.

The arc is real and the direction is set. But this coherent
fabric exists far more completely on paper than in silicon,
and the gap between the two is the subject of the rest of this

paper.

The Bandwidth Wall

Latency Is Manageable—the Part the Industry Gets
Right

It is worth conceding the strong form of the opposing view,
because it is correct as far as it goes. On real CXL-ready
systems, the load-to-use latency of a Type-3 device lands
at roughly 214-271 ns, against roughly 78—116ns for local
DDRS and 135-142ns for a one-hop remote NUMA ac-
cess [19, 35, 36] (Figure 2). That is a 2-3x penalty over
local memory—the same order as a NUMA hop, and roughly
an order of magnitude better than RDMA’s 1.5-3 us [19, 29].
Because CXL exposes native load/store at cache-line granu-
larity, there is no read/write amplification and no page-fault
path; the MICRO’23 “Demystifying CXL” study found that
even complex microservice workloads see only marginal tail-
latency increase with most of their pages on CXL [35]. The
“far NUMA node” model is, on latency, accurate.

Two honest caveats belong here. Adding a switch and
retimers pushes latency past ~600ns (each retimer costs
roughly 10ns per direction), and CXL exhibits worse fail la-
tency than local or NUMA memory under load [16, 19]. Nei-
ther changes the conclusion: latency is a manageable engi-
neering quantity, not a wall.

Bandwidth Is Where the Analogy Collapses

The NUMA analogy breaks on bandwidth, and it breaks
hard. CXL 1.1 and 2.0 ride a PCIe 5.0 PHY at 32 GT/s
per lane, about 3.94 GB/s usable, so an x16 device tops out
near 64 GB/s unidirectional in theory—and real Type-3 de-
vices deliver only 18-52 GB/s measured, 20-70% of their
own backing DRAM’s theoretical bandwidth [18, 20, 28, 35].
Compare that to the memory it is meant to sit beside (Fig-
ure 3): a 12-channel DDRS5 socket on EPYC Genoa mea-
sures about 375 GB/s (460 GB/s theoretical), an 8-channel
Xeon SPR socket about 307 GB/s theoretical, and a single
H100’s HBM3 about 3,350 GB/s [25, 28]. CXL 3.0 dou-
bles the PHY with PCle 6.0 (64 GT/s, PAM-4), and CXL 4.0
doubles it again with PClIe 7.0 (128 GT/s), adding bundled
ports that aggregate several physical ports into one logical
link [10, 12, 34]. The trajectory itself concedes the point of
this section—each new revision’s headline features are band-
width mitigations—but shipping Type-3 silicon remains PCle
5.0-class, bundled ports spend the host’s finite lane and port
budget, and the structural gap to multi-channel DDR—and
the chasm to HBM—remains [10, 12, 34].

Pooling Multiplies the Problem

A dedicated CXL device already trails a DDR socket. Put it
in a shared pool and the situation worsens, because the single
link’s bandwidth is now divided across every host and core
drawing on it. Per-core bandwidth—the metric that actually
governs throughput on bandwidth-bound kernels—degrades
as the pool fans out (Figure 4). A device that looked like
“one slow NUMA node” to a single host becomes a small
fraction of that to each of eight hosts sharing it. The obvi-
ous rebuttal—add more devices and interleave across them—
runs into the same wall from the other side: aggregation is
bounded by the host’s finite PCle lane budget, and in a pool



CXL Topology Evolution: From Expansion to Coherent Fabric
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Figure 1: From direct-attached expansion (1.1) to switched pooling (2.0) to a multi-level coherent fabric with GFAM (3.0).
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Figure 2: Latency hierarchy on a log scale. CXL sits between
remote NUMA and RDMA.

every added consumer re-divides whatever aggregate the de-
vices provide.

On “Orders of Magnitude”—Say It Precisely

A position paper is more credible when it refuses to round
in its own favor, and the bandwidth gap is strong enough
that it does not need rounding. Stated against each base-
line: versus a single DDRS socket (~375 GB/s), a CXL de-
vice (18-52 GB/s) is about 7-20x slower—roughly one or-
der of magnitude. Versus HBM3 (~3,350 GB/s), it is 64—
186 x slower—nearly two. And against aggregate multi-
socket DDR, a multi-HBM GPU node, or a fanned-out pool
measured per consuming core, the gap comfortably exceeds
two orders of magnitude. The defensible phrasing, which I
adopt throughout: CXL link bandwidth trails a single DDR
socket by roughly an order of magnitude and the HBM that
feeds Al accelerators by nearly two, and that gap widens once
a link is shared.

The Bandwidth Cliff: CXL Link vs. Native Memory
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Figure 3: Per-device and per-socket bandwidth on a log scale.

Why This Changes the Economics of Al

The reason the gap matters is that the workloads pushing
CXL toward network-attached pools are the most bandwidth-
hungry in the datacenter (Figure 5). Offloading model
weights or KV-cache from HBM to CXL buys capacity
by giving up roughly 50x in bandwidth—PCIle 5.0 x16
(~64 GB/s) against H100 HBM3 (~3,350 GB/s) means every
offloaded byte is dramatically more expensive to fetch [25].
For a bandwidth-bound kernel this reframes scaling as a
bandwidth-and-placement problem, not a capacity problem,
which is the thesis of this paper. The most counterintu-
itive empirical anchor comes from real measurement: naively
placing 50% of a bandwidth-intensive workload’s pages on
CXL can reduce throughput despite the higher aggregate
bandwidth, because of how—and how unevenly—that band-
width is delivered [35]. Capacity you cannot feed is not ca-
pacity you can use.



Pooling Multiplies the Bandwidth Problem (per-core view)
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Figure 4: Illustrative per-core bandwidth (aggregate = cores)
for a Genoa DDRS socket versus a CXL device dedicated and
shared across 4 and 8 hosts. Illustrative because pool fan-out
is a design choice, not a fixed spec.

The Memory Wall: Compute Has Outrun Memory
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Figure 5: The growth imbalance that motivates disaggregated
memory—GPU compute grew ~46x from 2016-2022 while
GPU memory capacity grew ~5x.

What Pooling Gives Us Today—and What It
Doesn’t

Before reaching for the moonshot it is worth being precise
about what shipping CXL 2.0 actually provides, because the
honest answer tempers some of the hype while sharpening the
real motivation.

What 2.0 provides is capacity multiplexing. The Fab-
ric Manager—standardized in 2.0—composes and disman-
tles resources by programming each component’s Component
Command Interface (CCI), and binds Logical Devices to host
virtual hierarchies [6, 7]. A host that needs more memory
than its packing allotment can be assigned an LD from the
pool; a host that needs less releases it. This is genuinely
useful in fleets where memory is stranded by VM packing,
and it is the basis for the strongest published case in pool-
ing’s favor—Pond (ASPLOS’23), which shows that small
pools of 8—16 sockets capture most of the achievable bene-
fit at a latency cost of +75-90ns, cutting datacenter DRAM
by roughly 7% at 16 sockets and translating, at hyperscale,
into hundreds of millions of dollars [17].

What 2.0 does not provide is coherent sharing. Two hosts
bound to the same MLD do not share a coherent region; they
share a device that has been carved into private slices. Collab-
oration over common data—the thing that would let a cluster
execute against one logical memory image—is not in the 2.0
model at all [6, 7].

The Skeptic’s Case, Stated Fairly

The strongest argument against memory pooling deserves to
be in this paper, not paraphrased away. “A Case Against CXL
Memory Pooling” (Google, HotNets’23) argues that pooling
fails on cost, complexity, and utility [16]. On utility: on pro-
duction traces from Google and Azure, modern servers are
large relative to the VMs they host, so simple packing already
strands little memory—pooling yields <1% utilization gain
even at 16x VM inflation and <5% at 32x. On complex-
ity: extracting good performance requires software rewrites
to explicitly stage CXL blocks into DRAM (bulk 8 KB copies
approach DRAM speed, but fine-grained loads and pointer-
chasing suffer, adding ~140ns), and the staging copies erode
the very memory savings that justified the pool. On cost: a
parallel cabling and switching plane alongside Ethernet can
outweigh the RAM it saves [16].

I think this critique is correct on its own terms—and that
its terms are the wrong ones for the case that matters here.
The skeptic evaluates pooling-for-utilization: can we reclaim
stranded RAM cheaply? The answer, for general cloud fleets,
is often no. But the motivation for coherent CXL fabrics in
Al is not utilization; it is bandwidth and coherence for clus-
ter execution—feeding bandwidth-bound models too large
for one node’s memory, and letting many compute elements
operate over shared state. That is a different and, I will ar-
gue, stronger motivation, and it is not addressed by the uti-
lization analysis at all. The honest synthesis: pooling-for-
utilization is contested and the skeptics may well be right;
bandwidth-and-coherence-for-cluster-execution is a separate
question, and it is the one this paper pursues.

The Moonshot, Layer by Layer

Going from expansion to native cluster execution on a coher-
ent fabric is not one problem but three, spanning the layers
the abstract names. I take each in turn: current state, the gaps
that remain, and the tradeoffs of closing them.

Switching and Fabric Infrastructure

Current state. Multi-level, switch-to-switch fabrics with
PBR exist in the 3.0 specification, but shipping multi-host co-
herent switch silicon is nascent; even 2.0 single-switch pool-
ing is only now appearing in products [5, 7, 10].

Gaps. Physical reach is the hard limit nobody can specify
away: PCle/CXL signal integrity caps practical distance at
roughly 2m even with retimers [29]. This is the structural
reason CXL complements rather than replaces datacenter-
wide RDMA—a coherent CXL domain is a rack-scale ob-
ject, and anything larger must bridge to a different transport.
Switch-induced latency (~600 ns and up) and per-port band-
width provisioning become first-order design constraints the
moment a pool fans out [16, 19].



Tradeoff. A richer fabric buys coherent reach across more
nodes at the cost of latency, silicon complexity, and a new
failure-and-scaling domain centered on the switch—a tension
that recurs sharply when I ask where coherence state should
live.

Firmware—the Fabric Manager

Current state. The FM is standardized for inventory and
binding. It reaches devices through the CCI, in-band over
MMIO or out-of-band over MCTP (carried on I12C/I3C, PCle,
or USB), and the spec deliberately allows it to run almost any-
where: on a host, on a BMC, in switch firmware, or as a state
machine on a device [6, 9]. CXL 3.1 added a Fabric Manager
API for PBR switches [8], and above the spec, OCP’s Com-
posable Fabric Management defines a Redfish-over-network
control plane for the same role [27].

Gaps. Two stand out. First, dynamic, coherent, multi-
tenant orchestration—Ilive rebind, QoS and bandwidth al-
location, failure isolation—is immature; the FM today is
closer to a provisioning tool than a runtime resource sched-
uler [6, 7]. Second, and most relevant to the kernel, the
host«<>FM control path is out-of-band and explicitly out
of CXL’s scope [6, 7]. A production fabric needs the operat-
ing system to participate in composition decisions, and there
is no standardized in-band path for it to do so. Address-space
management compounds this: re-mapping a device’s address
space to a different host can today require a system reset or
a traffic quiesce, with the alternative being to map the whole
physical space into every host and rely on the FM/VMM for
isolation [14]. Either way the kernel is implicated.

Tradeoff. Pushing the FM toward a dynamic, in-band,
kernel-integrated controller buys live reconfiguration and
tighter isolation at the cost of a far larger trusted, security-
sensitive control surface that now spans firmware and OS.

The Linux Kernel—Memory Subsystem

Current state—and it is further along than the fabric. The
memory-tiering plumbing largely exists upstream. device-
dax system-ram surfaces CXL as a NUMA node; reclaim-
driven demotion has been present since 5.15; NUMA nodes
are organized into explicit memory tiers [23, 31]. TPP (Trans-
parent Page Placement, Meta/UMich) merged in 5.18, doing
transparent hot/cold promotion and demotion—roughly 18%
better than stock Linux and within ~1% of an all-local ideal
in its authors’ fleet tests [24]. Weighted interleave merged
in 6.9, spreading pages across nodes by bandwidth ratio (for
example 5:1 DRAM:CXL)—notably a bandwidth mitigation
rather than a capacity one [22, 23]. DAMON:-based self-
tuning tiering and DAMON-driven dynamic weighted inter-
leave have followed, with ~25% gains reported [23].

Gaps. Promotion is still too slow and too reactive; NUMA-
balancing-based promotion lets performance decay while hot
pages wait for migration [23]. Help is coming from the
device sidle—CXL 3.2°s Hotness Monitoring Unit (CHMU)
gives the device itself a hot-page telemetry interface, and
RFC patches wiring it into the kernel are on-list—but there is
not yet a unified interface that drives promotion from device
telemetry [11, 21]. Bandwidth-aware placement—treating

link bandwidth, not just capacity or latency, as the sched-
uled resource—is early: research prototypes such as Sup-
Mario and Alto beat TPP by up to 177% with best-shot inter-
leaving and amortized-latency tiering, but these are not up-
stream [18]. And the largest gap for this paper: coherent
shared, multi-host CXL memory has no first-class kernel
model—no standard semantics for cross-host shared regions,
for ownership, or for fault handling.

Tradeoff. The capacity-tiering story is a success
worth building on; the danger is assuming it generalizes.
Bandwidth-aware, multi-host-coherent placement is a gen-
uinely new problem, and bolting it onto machinery designed
for single-host capacity tiering will not be sufficient.

The Linux Kernel—Networking Subsystem and
Cluster Execution

This is the bridge from “tiered memory” to “cluster fabric,”
and the part that ties the moonshot back to the netdev core.
When two hosts can share a coherent region, a class of net-
work copies disappears: communication becomes a memory
operation.

Current state. The evidence that this pays off is already
concrete. cMPI (SC’25) reports CXL memory sharing beat-
ing TCP by up to 49 x in latency and 72 x in bandwidth, and
beating a SmartNIC by up to 48x in latency; against high-
end RDMA, CXL is competitive for small and medium clus-
ters though not a wholesale replacement [2, 26]. MPI-over-
CXL maps shared memory into each rank’s address space
for pointer-based communication, leaving the MPI API un-
changed while swapping the transport underneath [2].

Gaps—and these are squarely kernel and fabric work.
Cross-node atomicity is often unenforceable on pooled mem-
ory [2]. The software-vs-hardware coherence tradeoff is
stark: cache-flush-based software coherence adds about 2.8 x
latency, while hardware coherence does not scale to huge ad-
dress ranges [2]—a tension I return to as the core of the con-
jecture below. Shared-memory APIs are a poor fit today:
POSIX SHM and tmpfs were not built for this, and cMPI had
to construct its own “CXL SHM Arena” to get usable seman-
tics [2]. And address-space remapping without resets re-
mains unsolved [14].

Tradeoff. Replacing the network stack with shared mem-
ory buys enormous latency and bandwidth wins within a co-
herent domain, but only inside the ~2 m reach limit and only
where atomicity and coherence semantics can be made safe—
which is exactly the boundary the rest of this paper tries to
define.

Where Does the Coherency Manager Live?

This is the crux of the moonshot, and the centerpiece of the
paper. A multi-host coherent memory fabric that uses CXL
itself as the coherency protocol does not exist yet, and the
literature confirms it is an open problem rather than a solved
one. Before arguing for a position, I have to clear away a
confusion the industry routinely creates by using one word—
“manager”—for two entirely different things.



Two Managers—Do Not Conflate Them

The CXL Fabric Manager is a control-plane entity. It per-
forms inventory, port bind and unbind, composition, QoS and
telemetry configuration, security (LD erasure on unbind), and
event handling. The spec explicitly lets it run as “software
running on a host, embedded software running on a BMC,
embedded firmware running on another CXL device or CXL
switch, or a state machine running within the CXL device
itself” [9]. It reaches devices via the CCI, in-band or out-of-
band over MCTP, and the host<+FM path is out-of-band and
outside CXL’s scope [6, 9]. The essential point: the FM is
not in the coherence datapath. It composes the fabric; it
does not keep cache lines coherent.

The coherency manager is a data-plane entity—the
home agent, directory, and snoop filter that actually enforce a
consistent view of shared cache lines. This is the piece with
no good cluster-scale answer today. CXL uses an asymmet-
ric coherence model: the host CPU’s home agent adminis-
ters CXL.mem for HDM-H and HDM-D regions, while for
HDM-DB the device implements the snoop filter and issues
Back-Invalidate to host caches [33, 34]. So in CXL 3.0’s
shared-memory model, the coherence directory lives on the
device—the GFAM or MLD—by default [10, 34]. The cen-
tral design question of this paper is whether that default is the
right place once no single host owns the fabric.

Five Places It Could Live

The question—where should the coherency manager live in
a fabric no single host owns?—has at least five candidate an-
swers, each a real position with published precedent or a clear
open gap. Table 1 summarizes them.

On the device (the spec default). A device-resident
snoop filter plus Back-Invalidate, exactly as CXL 3.0 speci-
fies [10, 34]. It is spec-conformant, BI must live on the device
regardless, and it adds no extra hop. It breaks at scale because
a precise 64-byte snoop filter is impractical for a terabyte-
scale FAM, while an imprecise (say 4 KB) filter generates
spurious back-invalidation storms [15].

In the switch. A directory or snoop-forwarding engine in
the leaf/spine switch ASIC, control plane on the switch CPU,
data plane in silicon—the in-network approach of MIND
(SOSP’21) and Concordia (FAST’21), which CXL 3.0 per-
mits [32, 34, 37]. It centralizes coherence at the natural fan-
out point with low added latency and one place to reason
about ordering. It breaks because switch SRAM is tiny rela-
tive to the state needed, forcing ownership migration or com-
pact copyset encoding, and it makes the switch a concentrated
failure and scaling domain [32, 37].

On a host CPU. One CPU acts as home agent for a co-
herence domain, with others forming separate domains—
essentially today’s asymmetric model [34]. It works
with shipping silicon and is familiar. It breaks because
disaggregated access pays multi-hop latency, the CPU’s
Caching/Home Agent is already a contention point on real
parts, and it contradicts the premise that no host owns the
fabric [3, 32].

On a DPU or SmartNIC. A DPU at each host acts as a lo-
cal home-agent and coherence proxy into the fabric, naturally

pairing rack-local CXL coherence with cross-rack RDMA
transport [29, 34]. This is the netdev-native angle: the co-
herence agent sits with the NIC, where the network already
lives. Little has been published implementing it and cross-
fabric coherence semantics are undefined—which is precisely
the open space this paper steps into.

Hierarchical and distributed. Per-rack top-of-rack direc-
tories plus a global agent, with hardware-precise coherence
for a small hot region and software or coarse coherence for
the rest—Concordia’s per-rack ToR directories [37], Cohet’s
local/global agents [3], and Jain’s hybrid HW/SW split [15].
It is the only family of approaches that has actually been ar-
gued to scale out, and it matches datacenter topology. Its cost
is coordination complexity: copyset encoding and inter-rack
consistency are unsolved [37].

The Scaling Wall That Forces a Hybrid

One result cuts across all five options and constrains any hon-
est answer: CXL 3.0’s hardware coherence does not scale
cleanly to terabyte shared pools. A precise per-64-byte-line
snoop filter is impractical at FAM scale, and an imprecise one
wastes bandwidth on spurious back-invalidations [15]. Every
serious proposal therefore splits coherence—hardware for a
small, hot, atomic-bearing region (locks, semaphores, queue-
pairs, synchronization metadata) and software or coarse
tracking for the bulk [15]. I take this as a position in its own
right: full hardware coherence over an entire cluster-scale
fabric is the wrong goal. The right goal is a tiered co-
herency manager that is hardware-precise where it must
be and software-managed where it can be.

The Conjecture: Fabric-Resident Tiered Coherence
with Edge Home Agents

I now stake out the opinionated centerpiece. It is deliberately
a high-level conjecture with protocol sketches, not a wire-
level specification—the point of a moonshot paper is to define
a target worth arguing about, and to be honest about what
remains open.

The core claim. A single, full-hardware coherence man-
ager for a cluster-scale CXL fabric is the wrong target: it is
a massive single point of failure and is almost certainly un-
buildable at the scale and reliability a datacenter demands.
The coherency function should instead be fabric-resident,
distributed, and tiered—no one box owns coherence; the
work is spread across the switch fabric, per-host edge agents,
and the memory devices, with hardware precision spent only
where it must be.

Four architectural pillars (Figure 6):

1. Edge home agents on the DPU/SmartNIC. Each host
reaches the fabric through its DPU, which runs that host’s
Edge Coherence Agent (ECA): a home-agent proxy that
tracks what its host has cached, issues and absorbs back-
invalidates on the host’s behalf, and co-locates the host’s
Fabric-Manager agent. This lifts the coherence burden
off the CPU’s monolithic Caching/Home Agent—already
a contention point on shipping silicon [3]—and places it
exactly where the network already lives, the netdev-native



Table 1: Five candidate placements for the coherency manager.

Placement What it looks like Precedent Strengths Why it breaks at scale

On the Device-resident snoop fil- CXL 3.0 spec [10, Spec-conformant; Bl must Precise 64 B snoop filter

device ter + BI (spec default) 34] live on device; no extra impractical at TB FAM

(GFAM/ hop scale; imprecise (4 KB) —

MLD) spurious BI storms [15]

In the switch ~ Directory / snoop forward- MIND [32]; Con- Centralizes coherence at Tiny switch SRAM —
ing in switch ASIC; con- cordia [37] fan-out point; low added ownership migration /
trol plane on switch CPU latency; one ordering point  copyset encoding; switch

becomes failure + scaling
domain [32, 37]

On a host One CPU is home agent CXL  asymmetric Works with shipping sili- Multi-hop latency; CHA

CPU for a domain; others sepa- model today [34] con; familiar already a contention point;
rate domains contradicts “no host owns

the fabric” [3, 32]

OnaDPU/ DPU per host = local Emerging/niche [29, Coherence agent sits with  Little published imple-

SmartNIC home-agent/coherence 34] the NIC; natural cross-rack  mentation; cross-fabric
proxy; CXL-in-rack + bridge (the netdev angle) coherence semantics unde-
RDMA-cross-rack fined

Hierarchical = Per-rack ToR directory + Concordia [37]; Co- Only family argued to Coordination  complex-

/ distributed ~ global agent; hybrid HW  het [3]; Jain [15] scale out; matches data- ity; copyset encoding +
(hot) + SW (bulk) coher- center topology inter-rack consistency

ence

unsolved [37]

angle. The ECA is also the natural cross-rack bridge: rack-
local traffic stays CXL-coherent, while cross-rack traffic
is tunneled over RDMA or a coherence-carrying transport,
respecting CXL’s ~2 m reach limit [29].

. A distributed directory sharded across the switch fab-
ric. Coherence state—sharer/owner tracking and BISnp
forwarding—Ilives in the leaf/spine switch ASICs, sharded
by address, following the in-network-directory precedent
of MIND and Concordia [32, 37] and permitted by CXL
3.0’s switch-directory option [34]. The control plane (di-
rectory management, recovery) runs on a switch-local pro-
cessor or BMC; the data plane is in the ASIC. Sharding is
what removes the single point of failure: a lost leaf isolates
its subtree, not the cluster.

. Tiered coherence on the GFAM devices. The memory
device exposes two region classes: a small, hardware-
coherent HOT region (precise 64-byte snoop filter plus
device-side Back-Invalidate), sized so the snoop filter is
actually feasible, for locks, atomics, queue-pairs, and syn-
chronization metadata; and a large, software- or coarse-
managed BULK region (page-grained ownership, kernel-
placed) for model weights, KV-cache, and datasets. This is
the hybrid HW/SW split that the only scale-oriented pro-
posals already endorse [15], made explicit as a first-class
fabric feature rather than an implementation detail.

. Tier movement under kernel control. A bulk line that be-
comes hot or contended can be promoted into the bounded
hardware-coherent region, and demoted back when it
cools—reusing the kernel’s existing hotness-tracking ma-
chinery (DAMON/TPP-style), but now driving a coherence
tier rather than only a memory tier.

High-level protocol sketches (conceptual; Figure 7 shows
the write path):

L]

Shared read, HOT region. A host load miss reaches its
ECA,; if the line is absent, the ECA requests it from the
owning leaf directory, which records the host as a sharer
(I—S) and returns the line. Multiple readers yield multiple
S entries.

Coherent write / ownership, HOT region. A host store
prompts its ECA to request ownership from the leaf direc-
tory (I—E). The directory issues Back-Invalidate to current
sharers’ ECAs; they acknowledge (writing back if dirty);
the directory marks the writer as owner, syncs the device,
and grants ownership (E/M); the store completes locally.

Bulk region, coarse coherence. No per-line tracking.
Ownership moves at page or region granularity, coordi-
nated by the ECAs and the kernel; a producer flushes, and
a consumer’s ECA invalidates its coarse range before read-
ing. This is where bandwidth-aware placement does its
work.

Failure handling. Because state is distributed, failures de-
grade gracefully rather than globally. ECAs log outstand-
ing ownership; directory and device logging in the style of
ReCXL [30] reconstructs state on recovery; a switch with-
holds responses for a failed node rather than serving stale
data [30]. FM high availability uses primary/secondary
instances with data-plane multipathing, as shipping ven-
dor fabrics already do [13]. Who arbitrates errors that
span tenants—BMC, OS, or FM—is genuinely unsettled in
multi-host CXL today [4]; in this design the FM remains
the long-term arbiter while ECAs and host kernels monitor
and report.



Figure 6. Fabric-Resident Tiered Coherence with Edge Home Agents (conjecture)
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Figure 6: Fabric-Resident Tiered Coherence. Edge Coherence Agents on per-host DPUs, a coherence directory sharded across
the switch fabric, and GFAM devices exposing a small hardware-coherent HOT region alongside a large software-managed

BULK region.

What this asks of the Linux kernel—and it lands on both
subsystems the abstract names. In the networking sub-
system: a driver and device model for the DPU/SmartNIC
acting as a coherence agent, a role distinct from today’s
NIC offloads; the ECA needs kernel plumbing for ownership
state, back-invalidate handling, and the rack-local-versus-
cross-rack transport decision. In the memory subsystem:
a way to declare and manage a region’s coherence class—
a HOT-versus-BULK attribute on a shared mapping, plausi-
bly an extended mmap or region API—together with cgroup
accounting for the scarce hardware-coherent region and pro-
motion/demotion policy that now spans coherence tiers, not
just memory tiers.

Open questions I will leave on the table—directory shard-
ing and address-to-home mapping under multi-path routing;
compact sharer/copyset encoding at thousands of nodes [37];
how large the HOT region can realistically be; consistency
and atomicity guarantees across the HW/SW tier boundary;
and a correctness model for the whole construction, for which
CXLO0 and CXLMC offer a starting formalism [1]. None of
these is solved. That is what makes it a moonshot.

Toward Native Cluster Execution

With a coherence architecture sketched, the payoff comes into
view: cluster execution where communication is a memory
operation rather than a network operation. Within a coherent

Figure 7. High-level protocol sketch: coherent write to a HOT-region line (conceptual)
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Figure 7: Coherent write in the HOT region—ownership re-
quest, directory-issued back-invalidate to sharers, writeback,
ownership grant. Conceptual sketch, not a wire-level proto-
col.

domain, the wins are large and already measured—cMPI’s
49x latency and 72 x bandwidth advantage over TCP is not
a projection [2]. The specification is moving the same direc-
tion: CXL 3.1’s Global Integrated Memory exists precisely
to carry host-to-host communication over fabric memory [8].
The architecture above is what would let those wins extend
past a single shared device to a rack-scale fabric: the HOT



region carries the synchronization and queue-pair state that
message passing needs to be safe, while the BULK region car-
ries the weights and KV-cache that bandwidth-aware place-
ment must stage.

The boundary of the approach is as important as its cen-
ter. CXL does not replace the network; it displaces it
within roughly 2m. The right mental model is a coherent
rack-scale island bridged to the rest of the datacenter over
RDMA or a coherence-carrying transport at the DPU—which
is exactly why I place the edge home agent on the DPU,
where that bridge already terminates. A principled place-
ment model for Al weights and KV-cache across HBM, CXL,
and RDMA, governed by the bandwidth constraints quanti-
fied earlier rather than by capacity alone, is the natural next
research target.

Open Research Questions

The work this paper points to, stated as questions for the com-
munity:

¢ A first-class kernel abstraction for coherent, multi-host
shared CXL regions—ownership, fault model, mmap se-
mantics, and cgroup accounting.

* Bandwidth-aware placement and migration that sched-
ules link bandwidth, not just capacity or latency, extending
weighted interleave and DAMON with device-side band-
width telemetry.

* Closing the host«+Fabric-Manager gap with an in-band,
kernel-integrated control path for dynamic rebind, QoS,
and isolation.

* Reset-free address-space remapping for live pool recon-
figuration.

e Convergence of the networking and memory subsys-
tems: when is shared-memory transport the right substi-
tute for the network stack, and what kernel primitives—
atomics, coherence control, SHM arenas—make it safe?

* A principled CXL-vs-RDMA-vs-HBM placement model
for Al weights and KV-cache under the bandwidth con-
straints quantified above.

Conclusion

The industry is right that a CXL memory device behaves like
a far NUMA node on latency, and wrong to stop the analy-
sis there. The constraint that breaks at scale is bandwidth: a
CXL link trails a single DDR socket by roughly an order of
magnitude and the HBM that feeds Al accelerators by nearly
two, and that gap widens once the link is shared. That single
fact reframes scaling large models across distributed mem-
ory as a bandwidth-and-placement problem, not a capacity
problem—and it means the road from memory expansion to
native cluster execution runs through coherence, not just ca-
pacity.

Building that road is genuinely a moonshot, and it spans
the three layers a netdev audience cares about: switching sil-
icon that can be coherent at rack scale, firmware that can
orchestrate it dynamically and in-band, and a Linux kernel
that can place memory by bandwidth and manage coherence

as a tiered, multi-host resource across both its memory and
networking subsystems. My position on the hardest piece—
where coherence lives—is that it should be fabric-resident,
distributed, and tiered, with edge home agents on the DPU,
a directory sharded across the switch fabric, and hardware
precision reserved for a small hot region while the bulk is
managed in software. I offer it as a conjecture, not a finished
design, precisely so the community can argue with it. As with
my prior work, my intent is to bring this toward the upstream
conversation: the kernel abstractions this fabric needs do not
exist yet, and the right place to design them is in the open.
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