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Abstract
Modern heterogeneous processors like the NVIDIA Grace-
HopperSuperchip tightly integrateCPUandGPUcoresacross
a cache-coherent interconnect, with an implicit assumption
that independently compiled CPU and GPU code can safely
interact via shared memory. Yet the memory consistency
and coherence of such systems remain empirically unvali-
dated. This paper presents the first systematic study of con-
sistency and coherence on the Grace-Hopper. We empirically
validate that the system enforces the Compound Memory
ConsistencyModel (CMCM)—a theoretical prerequisite for
correct independent compilation—using a novel heteroge-
neous litmus testing methodology spanning 1,960 test vari-
ants.We further introduce Value Propagation tests to reverse-
engineer the underlying coherence mechanisms, revealing
that internal GPU coherence relies on write-throughs and
self-invalidations rather than classical writer-initiated inval-
idations, while global CPU-GPU coherence is maintained
via directory-based invalidations consistent with an AMBA
CHI-like protocol. These results establish the CMCM as a
concrete architectural target for heterogeneous systems and
provide the first empirical characterization of GPU and CPU-
GPU coherence mechanisms in a commercial heterogeneous
processor.

CCSConcepts: •Computer systems organization→Het-
erogeneous (hybrid) systems.
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1 Introduction
Heterogeneousprocessors, such as theNVIDIAGraceHopper
Superchip, tightly integrate distinct processing units, like an
ARMmulti-core CPU and an NVIDIA GPU, across a cache-
coherent interconnect. To maximize performance and mini-
mize kernel launch overheads, modern software increasingly
relies on fine-grained, cross-device synchronization over this
shared memory [37, 43].

However, reasoningabout these interactions is complicated
by the system’s bifurcated software stack. In these heteroge-
neous setups, CPU codes are compiled by a CPU compiler
and GPU codes by a GPU compiler. There is a fundamen-
tal, implicit assumption that these independently compiled
codes can “play well together” when executing concurrently.
Figure 1 illustrates this assumption in practice using a stan-
dard producer-consumer synchronization pattern. A CPU
producer thread, written in C++, compiles down to ARM
instructions utilizing an unscoped release store (STLR) to
signal via a flag variable that data is ready. Concurrently,
a GPU consumer thread, written in CUDA, compiles down to
PTX instructions utilizing an explicitly scoped acquire load
(ld.acq.sys) to read the flag.

Traditionally, the semantics of such concurrent memory
operations are governed by a Memory Consistency Model
(MCM). However, as Figure 1 highlights, the MCMs govern-
ing CPUs and GPUs are fundamentally mismatched. CPU
MCMs (like ARM) are typically stronger and apply their or-
dering guarantees uniformly across all threads. In contrast,
GPU MCMs (like PTX) are heavily relaxed and utilize an
implicit, scoped thread hierarchy—e.g., Cooperative Thread
Array (cta) , gpu, system—to enforce ordering.
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CPU Producer (C++)

data = 1;

flag.store(1, std::memory_order_release);

GPU Consumer (CUDA)

r0 = flag.load(cuda::memory_order_acquire, cuda::thread_scope_system);

r1 = data;

ARMv9 Assembly

STR W1, [X_data] // Write data

STLR W1, [X_flag] // Release flag

PTX Assembly

ld.acquire.sys.b32 %r0, [flag]

ld.b32 %r1, [data]

Initial State: data = 0, flag = 0

Consistency Question: If r0 (flag) reads 1, can r1 (data) return the old value of 0?

ÓCompiler ÓCompiler

Figure 1.Heterogeneous Compilation of a Message Passing Litmus Test. An unscoped CPU release (STLR) synchronizes with
a system-scoped GPU acquire (ld.acquire.sys.b32). This semantic mismatch raises a critical question: will the hardware
successfully bridge these models to prevent the consumer from reading stale data? The CompoundMemory Consistency Model
(CMCM) theoretically dictates that it must, but hardware validation is required.

Thismismatch creates a critical semantic tension:when the
CPUwhich enforces a stronger MCM interacts with a GPU
that enforces a weaker MCM, what is the resulting consis-
tencymodel of the unifiedmachine? If the hardware enforces
the stronger CPU model globally, it would require infeasi-
ble internal changes to the GPU architecture: among other
things, it would require doing away with the scope hierarchy
which is fundamental to GPU architectures. Conversely, if it
defaults to the weaker GPUmodel, the previously compiled
CPU code would silently break, violating the requirement
that the devices can interact seamlessly.
Recent theoretical work introduced the concept of Com-

pound Memory Consistency Models (CMCMs) to resolve
this [15]. The authors argue that a heterogeneous system
should act as a compositional amalgamation of its parts: CPU
threads continue to adhere strictly to the CPUMCM, while
GPU threads adhere to the GPU MCM. They demonstrate
that enforcing this CMCM is mathematically necessary to
ensure independent compilation; going back to Figure 1, this
means the hardware must ensure that the ARM STLR release
synchronizes with the PTX ld.acq.sys to prevent the GPU
consumer from reading stale data. Itmust do this dynamically,
without requiringeither instruction tobe recompiled tomatch
the other’s memory model. But do heterogeneous systems
actually enforce the CMCM? There has been no study to date
on this. This requires a newapproach of heterogeneous litmus
testing—systematically running inter-device litmus tests to
check for properties. Adherence to CMCMwould place the
existing practice of independent compilation on a firmer em-
pirical foundation, andvindicateCMCMasanatural target for
future heterogeneousmachines. On the contrary, discovering
violations would alert the community to take steps to resolve
this problem.

Validating that the hardware enforces the CMCM answers
what the system guarantees. An equally important question

is how it enforces these guarantees—i.e., what are the underly-
ing coherence mechanisms? It is a commonly-held belief that
GPUs do not employ classical coherence protocols that obtain
write permissions on a store by invalidating sharers [24]. It
is thought that such protocols eschewwriter-initiated inval-
idations and instead enforce coherence via writebacks and
self-invalidations.

Are GPU coherence protocols actually different from CPU
coherence protocols? Focusing on the implementation of
sharedmemory at the heterogeneous level, theGrace-Hopper
Superchip reportedly employs its NVLink-C2C interconnect
to provide a cache-coherent memory domain shared between
the CPU and the GPU [25]. While it is speculated that the
underlying coherence protocol is based on ARM’s AMBA Co-
herent Hub Interface (CHI) protocol [4], this again remains
a hypothesis that has yet to be empirically validated through
rigorous study. Just as understanding CPU cache coherence
spurred software optimizations for multi-core CPUs [9, 28],
we expect similar gains for GPU andCPU-GPU programming
with deeper coherence insights.

In this paper, we present the first systematic exploration
of the consistency and coherence of the Grace-Hopper Su-
perchip. To evaluate the semantics, we introduce a novel het-
erogeneous litmus testing methodology with tests spanning
the CPU and GPU. Strategically, we focus this methodology
primarily onMessage-Passing (MP) litmus tests, generating
a massive suite of 1,960 test variants for the Grace-Hopper
Superchip. We prioritize MP patterns because they directly
map to the ubiquitous producer-consumer synchronization
patterns found in real-world CPU-GPU applications.
While traditional litmus testing is highly effective for ver-

ifying consistency compliance (checking “is this outcome
allowed?”), it is fundamentally a falsification tool. It relies
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on stress-testing to hunt for rare, forbidden behaviors, mak-
ing it incapable of disambiguating the underlying hardware
mechanisms that actually produced the outcome.

To deduce the underlying coherence mechanisms, we pro-
pose a novel empirical methodology: Value Propagation (VP)
tests. Rather than hunting for rare violations, VP tests are de-
signed to explicitly reverse-engineer coherence protocols. By
analyzing the values returned by unsynchronized reads—and
correlating the timing of those new values with precise cache
latencies—VP tests deduce exactly when a write reaches a
specific level of the cache hierarchy. This allows us to map
the protocol’s behavior, deducing, for example, whether a
GPU store instruction propagates its value directly to other
L1 caches, or if itmerelywrites through to the shared L2 cache.

Our investigation yields four primary contributions:
1. Validation of Compound Consistency:We empiri-

cally confirm that the Grace-Hopper Superchip, as a unified
system, enforces the Compound ARM/PTXMemory Consis-
tencyModel. This result validates the safety of independent
CPU/GPU compilation, guaranteeing that memory opera-
tions interacting across the heterogeneous boundary execute
correctly without requiring software recompilation. Further-
more, coupled with its theoretical foundations, this empirical
observation establishes theCMCMas a concrete architectural
target for the design of future heterogeneous devices.
2. Discovery of Stronger-than-Model Behaviors: In

evaluating the system’s semantics, we uncovered instances
where the hardware enforces orderings significantly stronger
than predicted by the PTX specification. Specifically, atomic
Read-Modify-Write (rmw) operations executed with narrow
programmer-specifiedscopes (e.g.,ctaorgpu) exhibitedglobal
visibilitywhen synchronizing both internallywithin theGPU
and externally with the CPU. This finding challenges current
programming assumptions and raises questions for future
specifications.

3. Value Propagation (VP) Tests: We introduce VP tests
to reverse-engineer commercial coherence protocols without
documentation. This provides a new tool for the architec-
ture community to distinguish various types of coherence
protocols including eager (writer-initiated) and lazy (self-
invalidating) coherence protocols.

4. Grace-Hopper Coherence Architecture:We provide
the first empiricalmap of theGrace-Hopper coherence hierar-
chy.Wedemonstrate that global coherenceacross theNVLink-
C2C interconnect is maintained via directory-based invalida-
tions consistent with an AMBA CHI [4]), while internal GPU
coherence relies on write-throughs and self-invalidations.

2 Background and RelatedWork

2.1 Memory ConsistencyModels

AMemory ConsistencyModel (MCM) is a crucial component
of the instruction set architecture, defining the rules that gov-
ern the ordering of memory operations. Fundamentally, an

Initial State: X=0 ∧ Y=0
T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld(Y)
𝑚2: St(Y, 1) 𝑚4: r1 = Ld(X)

(a)WeakMP

T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld𝑎𝑐𝑞(Y)
𝑚2: St𝑟𝑒𝑙 (Y, 1) 𝑚4: r1 = Ld(X)

(b)Acq-Rel MP (RC)

T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld(Y)

DMB DMB
𝑚2: St(Y, 1) 𝑚4: r1 = Ld(X)

(c) Message Passing with ARM
DMB Barrier

T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld(Y)
fence𝑔𝑝𝑢𝑠𝑐 fence𝑔𝑝𝑢𝑠𝑐

𝑚2: St(Y, 1) 𝑚4: r1 = Ld(X)

(d)Message Passingwith Scoped
Fences

T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld𝑐𝑡𝑎𝑎𝑐𝑞(Y)
𝑚2: St𝑐𝑡𝑎𝑟𝑒𝑙

(Y, 1) 𝑚4: r1 = Ld(X)

(e) cta-Scoped Acq-Rel MP

T1: Prod T2: Cons
𝑚1: St(X, 1) 𝑚3: r0 = Ld𝑔𝑝𝑢𝑎𝑐𝑞 (Y)
𝑚2: St

𝑔𝑝𝑢

𝑟𝑒𝑙
(Y, 1) 𝑚4: r1 = Ld(X)

(f) gpu-Scoped Acq-Rel MP

Allowed Behaviors: X=1 ∧ Y=1 ∨ X=0 ∧ Y=0 ∨ X=1 ∧ Y=0
Outcome: r0=1 ∧ r1=0

Figure 2.Message Passing Litmus Tests

MCM addresses the question: what value should a read
return? Most major commercial homogeneous processor
architectures adhere to precisely definedMCMs [34, 39].
Ordering.Arguably, the defining characteristic of MCMs is
the preservation (or lack thereof) of memory ordering. This
is effectively illustrated using a litmus test: a short, multi-
threaded program snippet designed to expose memory order-
ing behaviors. Consider the classic message passing (mp)
litmus test, shown in Figure 2a: thread T1 (the producer)
performs two store operations to distinct memory locations,
while thread T2 (the consumer) performs two load operations
on the same locations. The key question this test probes is:
if the load𝑚3 observes the updated value of 1, is it possible
for the subsequent load𝑚4 to still observe the initial value
of 0? This outcome is disallowed byMCMs such as x86-TSO,
which enforces the 𝑠𝑡𝑜𝑟𝑒→𝑠𝑡𝑜𝑟𝑒 ordering and 𝑙𝑜𝑎𝑑→ 𝑙𝑜𝑎𝑑

orderings: if𝑚3 sees the update of𝑚2, the preceding store
𝑚1 must have completed before𝑚4 forcing𝑚4 to also see the
updated value.
Multi-copy atomicity.Another key aspect of MCMs is how
store values propagate. Inmulti-copy atomic (MCA) memory
models [24] (enforced by CPUs like x86, ARMv8, and RISC-V),
once a store is visible to another processor, all subsequent
loads in logical time will observe the updated value. In con-
trast, GPUs like NVIDIA PTX permit non-MCA behaviors.
This work focuses on the ordering aspects of Grace-Hopper,
leaving the interaction between ARM’s MCA properties and
PTX’s non-MCA properties for future investigation.
Read-Modify-Writes. CPUs and GPUs define atomic Read-
Modify-Write (RMW) instructions (like fetch-and-add) in
their MCMs.We are particularly interested in the semantics
and the implementation of CPU-GPU RMW interactions.
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Language-level Memory Models. High-level languages
(e.g., C, CUDA, JavaScript) have memory models with syn-
chronization primitives [20, 40]. A key compilation task is to
ensure provably correct mappings of these primitives to the
instruction set, matching their memory ordering guarantees
at the machine level.

2.2 Coherence Protocols

A processor’s MCM is determined by the interplay between
how its pipeline may reorder memory operations and the
ordering guarantees enforced by its cache coherence protocol.
Processor cores interact with the coherence protocol through
an interface consisting of reads, writes, and fences [24].
Most coherence protocols, especially CPU protocols, en-

force the Single-Writer-Multiple-Reader (SWMR) invariant:
there is either a single processor core that holds write per-
missions or there could be multiple cores that hold read per-
missions. SWMR is typically enforced by obtaining exclusive
permissions on a cache line upon a write by invalidating the
cache lines that are shared in other processor cores. Exam-
ples include the classic MOESI-style protocols and industrial-
strength protocol specifications such as CHI [4] and CXL [7].
Not all protocols enforce SWMR, however. Some proto-

cols eschewwriter-initiated invalidations and instead rely on
writebacks and self-invalidations. For example, to synchro-
nize, the dirty cache lines in the local cache are flushed down
to the lower level, and shared cache lines are self-invalidated.
It is thought that GPU protocols follow this paradigm [24].
The observable difference between these two paradigms

is the timing of value propagation. Under writer-initiated
invalidation, a write by one core immediately invalidates
cached copies in other cores; a subsequent read by any core
will therefore observe the new value, even without interven-
ing synchronization. Under writeback and self-invalidation,
a write does not disturb other cores’ caches. The new value
becomes visible to other cores only after the writer flushes its
cache (typically on a release) and the reader self-invalidates
(typically on an acquire). This distinction is the foundation
of our Value Propagation methodology

2.3 RelatedWork

Memory Consistency Validation.
One of the early significant works in this area is TSO-

tool [18], which automatically generated pseudo-random,
multi-threaded programs with races, executed them onmulti-
processor systems, and verified the results against the target
machine’s MCM. Building upon this concept, the approach
of litmus testing fueled a resurgence of interest in MCM val-
idation in the 2010s [1, 34]. Unlike the automated generation
of TSOtool, litmus tests are typically manually crafted to sys-
tematically explore the spectrum of ordering andMulti-Copy
Atomicity (MCA) behaviors defined by MCMs. In its basic
form, a litmus test, such as themessage passing (mp) example
discussed earlier, is executed repeatedly (often millions of

Cache
Coherent
Layer

C1 C2

L1-$ L1-$L2-$ L2-$

CPU

L3-$

D
R
A
M

GPU

SM1 SM2

L1-$ L1-$

L2-$

H
B
M

NVLINK-C2C

Figure 3.NVIDIA Grace-Hopper System Architecture

times), and the observed output patterns are used to infer the
enforced MCM. Subsequent research has focused on enhanc-
ing the efficiency of litmus testing [22] and on augmenting
test scenarios with stress threads to expose a wider range of
behaviors, particularly in the context of GPUs [21].
In this work, we leverage these established best practices

to conduct, to the best of our knowledge, the first empiri-
cal validation of the individual MCM behaviors of both the
Grace CPU and the Hopper GPU. Moreover, we address a sig-
nificant gap in the existing literature by presenting the first
attempt to empirically validate the combined MCM behavior
of a heterogeneous processing device.
Coherence Protocol Characterization. In contrast to the
extensive body of work onMCM validation, the characteri-
zation and reverse engineering of cache coherence protocols
have received comparatively less attention. Early work by
Molka et al [16, 23]. created specific benchmark programs
for characterizing the coherence latencies and bandwidth of
NUMA systems such as Intel Nehalem and AMD Shanghai.
More recent work by Dai et al. [8] has reverse engineered
the mesh interconnect in Intel server processors for possible
side channel attacks. To our knowledge, there is no existing
work that has attempted to reverse engineer the mechanisms
through which GPUs, such as Hopper, enforce consistency.
Grace-Hopper Characterization Studies. Prior studies
on the Grace-Hopper Superchip have primarily focused on
performance benchmarking of memory access latencies and
bandwidth between the CPU and GPU using tools like CXL-
Bench [42], as well as performance in multi-chip configura-
tions [14]. Other work has investigated memory allocation
behaviors,migrationpolicies, andaddress translation forHPC
applications [5,33,35].Toourknowledge,noexistingresearch
has empirically studied thememory consistency behaviors or
the underlying coherence protocol mechanisms of the Grace-
Hopper Superchip, which is the central focus of this work.
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3 Unpacking Grace-Hopper’s Consistency
and Coherence: Knowns and Unknowns

This section outlines what is known and unknown about
memory consistency and coherence in the NVIDIA Grace-
Hopper architecture. We synthesize vendor documentation
to establish a baseline, highlight information gaps and ambi-
guities, and conclude by stating the open research questions
driving our empirical investigation.

3.1 The Grace-Hopper Superchip Architecture

TheGrace-HopperSuperchip features aGraceCPUandaHop-
per GPU, each with separate memory hierarchies, connected
by an NVLink-C2C Interconnect that vendor documentation
claims provides hardware cache coherence. Details are in
Table 1 and a visual overview is shown in Figure 3.

CPUs and GPUs employ different memory allocators for
sharing resulting in different implementation approaches.
Historically, NVIDIA GPUs relied on cudaMalloc() coupled
withexplicit cudaMemcpy() forCPU-GPUdata transfer. Subse-
quent CUDA versions introduced cudaMallocHost() for DMA
access to pinned CPUmemory and cudaMallocManaged() for
unified memory with potential page migration. The Grace-
Hopper architecture elegantly enables direct CPU and GPU
access tomemoryallocatedvia standardmalloc(), enforcedvia
hardware cache coherence. Given our focus on the hardware-
level consistency and coherence, this study exclusively exam-
ines memory regions allocated usingmalloc().

Table 1.Grace CPU and Hopper GPUHardware
Feature Grace CPU Hopper GPU

Cores 72 ARMv9 Neoverse V2 132 SMs (128 cores/SM)
L1 Cache 64KB i-cache, 64KB d-cache 256KB per SM
L2 Cache 1MB per-core 51MB
L3 Cache 114MB ×
Mem Type LPDDR5X HBM3
Mem Capacity 480GB 96GB
Mem Bandwidth 512GB/s 4TB/s

NVLink-C2C Interconnect

Mem Bandwidth 900GB/s

3.2 Grace-Hopper: Consistency

What is Known. The Grace-Hopper Superchip integrates
an ARM-based CPU, which adheres to the ARMv9 MCM,
and a Hopper GPU, which follows the PTX MCM. Both of
these MCMs have been specified in prose and formalized and
mechanized using tools such as Alloy, allowing for rigorous
analysis of their behaviors. Next, we will briefly outline the
key characteristics of the ARMv9 and PTXMCMs, utilizing
litmus tests to illustrate their ordering rules.
Grace MCM: ARM v9 enforces a variant of Release Con-
sistency (RC), a relaxed MCM. In essence, ARMv9 does not
inherently enforce ordering between ordinary load and store
operations. Revisiting the message passing (MP) litmus test

illustrated in Figure 2a, the outcome where the consumer ob-
serves the write to one memory location but not the write to
the other (e.g., r0 = 1, r1 = 0) is permissible under the ARMv9
MCM in the absence of explicit synchronization. To enforce
specific orderings, ARMv9 relies on explicit synchronization
primitives, such as release and acquire operations, ormemory
barrier instructions. As demonstrated in Figure 2b, marking
the store operation to𝑚2 as a release and the load operation
from𝑚3 as an acquire prevents the aforementioned outcome.
Memory barrier instructions, such as DMB, offer another so-
lution; a producer-side 𝑠𝑡𝑜𝑟𝑒→𝑠𝑡𝑜𝑟𝑒 DMB ST combinedwith a
consumer-side 𝑙𝑜𝑎𝑑→𝑙𝑜𝑎𝑑 DMB LDwould also disallow this.
HopperMCM: PTX is also a relaxed MCM, meaning it does
notguaranteeprogramorder forordinarymemoryoperations.
A key distinction from CPUMCMs is that PTX is scoped.

GPUs expose their hierarchical architecture through a
thread hierarchy organized into scopes. The Cooperative
Thread Array (cta) scope encompasses all threads belonging
to one CTA; principally, all threads within a CTA are guar-
anteed to be mapped to the same StreamingMultiprocessor
(SM). Synchronizationwithin the cta scope is highly efficient
because these threads share the L1 cache, allowing synchro-
nizing loads and stores to remain local without needing to
propagate to the L2 cache or beyond.1 The gpu scope refers to
all threads belonging to a single GPU, which share a common
L2 cache. Synchronization at the gpu scope necessitates that
loads and stores involved in the synchronization propagate to
the L2 cache, but not necessarily further. Finally, the system
scope includesall threadsacross theentire system,encompass-
ing not only GPU threads but also threads on the CPUs and
other GPUs. Synchronization at the system scope requires
that the involved loads and stores are propagated to main
memory to ensure visibility across all participating entities.

In PTX, everymemory operation can be annotated not only
with a memory ordering label (e.g., release and acquire, simi-
lar toARM) but alsowith a scope label (specifying cta, gpu, or
system). The scope labels attached to the synchronizingmem-
ory accesses, combinedwith the scope of the threads involved
in the synchronization,give rise to thenotionofmoral strength
in synchronization. Synchronizing operations are consid-
eredmorally strong if and only if the scope of each oper-
ation encompasses the scope of the thread performing
the other operation involved in the synchronization.
Consider the message passing (MP) litmus test shown in

Figure 2e, assuming that threads T1 and T2 belong to differ-
ent CTAs. In this scenario, the release operation on𝑚2 and
the acquire operation on𝑚3 are both marked with cta scope.
Consequently, the scope of the operation on𝑚2 (which is cta)
does not encompass the scope of the other synchronizing
thread, T2 (which resides in a different CTA). Therefore, this
release-acquire synchronization is not morally strong, and

1PTX also supports cluster scope (which is between cta and gpu) but our
evaluation didn’t observe any differences between cta and cluster scopes
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the outcome where T2 observes the write to𝑚2 but not the
write to𝑚1 (resulting in r0 = 1, r1 = 0) is permitted under the
PTXmemory model.
One way to prevent this outcome would be to ensure that

threads T1 and T2 aremapped to the sameCTA.Alternatively,
if the operations on𝑚2 and𝑚3 are marked with gpu scope, as
shown in Figure 2f, then the moral strength condition would
be satisfied, as the gpu scope includes all CTAs within the
GPU, thus again disallowing the outcome.
Like ARM, PTX provides memory fences offering release,

acquire, release-acquire, and SC fences, configurable with
cta, gpu, or system scope. To prevent r0=1, r1=0 in the MP
test, a gpu-scoped fence with release (or stronger) between
T1’s stores and a gpu-scoped fence with acquire (or stronger)
between T2’s loads would suffice. gpu scope guarantees or-
dering visibility across the entire GPU.

What is Unknown. While the ARMv9MCM is precisely de-
fined and has been empirically validated on various ARMpro-
cessors [12, 13, 17, 27, 36], the specificARMv9 implementation
within NVIDIA’s Grace CPU remains publicly empirically un-
validated. Similarly, despite the formal specification and doc-
umentation of the PTXmemorymodel by NVIDIA [26], there
has been a notable lack of comprehensive empirical validation
of its behavior on actual NVIDIA GPU hardware. This leads
to two questions: 1) Does the Grace CPU indeed strictly
adhere to the ARMv9MCMas documented? 2) Does the
HopperGPUstrictlyadhere to thePTXMCMasdefined?

More fundamentally, a critical gap exists in our understand-
ing of how the Grace CPU and the Hopper GPU interact in
synchronization scenarios.Consider the inter-devicemessage
passing (mp) litmus test shown in Figure 4a: if the CPU acts
as the producer and the GPU as the consumer, and the store at
𝑚2 is a releasewhile the load at𝑚3 is a system-scoped acquire,
would the outcome r0 = 1, r1 = 0 be disallowed?What if the
load at𝑚3 is only an acquire with gpu scope or cta scope—
would the outcome still be prevented? What if the store at
𝑚2 and the load at𝑚3 are not explicitly marked as release
and acquire, respectively? These are fundamental questions
regarding the combined memory consistency behavior of
the heterogeneous Grace-Hopper architecture that remain
unanswered by current specifications.
As introduced in Section 1, Goens et al. [15] showed that

a heterogeneous systemmust enforce a CompoundMemory
Consistency Model (CMCM)—an amalgamation of its compo-
nent MCMs—to enable independent compilation. A key rule
of the CMCM is that CPU unscoped operations are treated as
system-scopedwhen synchronizingwith aGPU that employs
a scoped model.

Considering the inter-device message passing (mp) litmus
test in Figure 4a, if the store at𝑚2 by theCPU is a release opera-
tion (enforcing𝑚1→𝑚2 under ARM rules) and the load at𝑚3
by theGPU is an acquire operationwith system scope (enforc-
ing𝑚3→𝑚4 under PTX rules), the synchronization is deemed

morally strong. This combination of orderings and scope en-
sures that the outcome r0 = 1, r1 = 0 is disallowed. Conversely,
if the load at𝑚3 is tagged with GPU scope (as shown in Fig-
ure 4b), the inter-device synchronization is not considered
morally strong, allowing the outcome r0 = 1, r1 = 0. Similarly,
if the release or acquire labels are omitted from the respective
memory operations (as shown in Figure 2a), the necessary or-
dering constraints are absent, again permitting the outcome.
Goens et al. [15] showed heterogeneous devices need to

enforce compound memory models (or stronger) to enable
independent compilation—the ability to compile CPU code
with standard CPU compilers and GPU code with GPU com-
pilers for synchronized programs (like inCUDA). Thus, Grace
Hopper’s existing CPU/GPU compilation workflow implic-
itly assumes it enforces a compound ARM/PTX MCM (or
stronger). Despite this foundational reliance, no prior work
has empirically validated this assumption, leading to the cru-
cial question: 3) Does the Grace Hopper indeed enforce
the ARM/PTX compoundmemory consistencymodel?

3.3 Grace-Hopper: Coherence

WhileARMv9andPTXmemorymodels arewell-documented,
the internal cache coherence protocols of Grace CPU and
HopperGPU are less known.Moreover, the coherencemecha-
nisms across theNVLink-C2C interconnect between themare
largely undocumented beyond NVIDIA’s claim of ‘hardware
cache coherence’.

Grace Coherence. The Grace CPU is an ARM-based CPU
designed by NVIDIA. While the internal cache coherence
protocol is not publicly documented, ARM has published
coherence specifications like AMBA CHI to ensure coher-
ence among cores within a chip. Protocols like CHI typically
enforce the SWMR invariant by invalidating shared copies
upon a write operation. In contrast, academic research has
explored alternatives, such as VIPS [31], DeNovo [6], and
TSO-CC [11], which aim to enforce relaxed consistency mod-
els without relying on writer-initiated invalidations, instead
employing writebacks and self-invalidations. The specific
coherence protocol implemented within the Grace CPU re-
mains unknown. 4) Does the Grace CPU actually enforce
SWMR via writer-initiated invalidations?

Hopper Coherence. NVIDIA has not disclosed the specific
mechanisms its GPUs use to enforce the PTX MCM. Aca-
demic research has extensively argued against the efficiency
of conventional invalidation-based cache coherenceprotocols
for GPUs [2, 6, 24, 29, 38]. Notably, a paper by NVIDIA [30]
proposed a coherence protocol based on writebacks and self-
invalidations for GPU L1 caches, although it did not explicitly
confirm its deployment in NVIDIA products. Even within
those approaches, different variants exist. Ordinary (non-
synchronizing) writes could be buffered in the L1 cache and
flushed to lower levels upon a release operation.Alternatively,
a write-through protocol could be employed, where every
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write propagates to the lower-level cache, and a release op-
eration only needs to ensure that all preceding writes have
reached that lower level. 5) Does the Hopper GPU uti-
lize a coherence protocol based onwritebacks and self-
invalidations? 6) If so, does it employ a write-back or a
write-through strategy for non-synchronizing writes?
Grace-Hopper Coherence. NVIDIA states that Grace CPU
and Hopper GPU are ‘hardware coherent’ [25] via NVLink-
C2C. It is speculated (withoutofficial confirmation) thatAMBA
CHI is employed for CPU-GPU coherence [14]. However, the
detailed mechanisms of CPU-GPU coherence are unknown,
particularly if the GPU uses writeback/self invalidation, un-
like CHI’s typical SWMR protocol. 7) How does ARM inter-
nal coherence integrate with GPU internal coherence
over NVLink-C2C, andwhat precisely is ‘hardware co-
herence’ in this context?

4 ValidatingMemory Consistency
In this section, we detail the methodology and present the
results of our validation efforts, aimed at answering the ques-
tions posed in the previous section regarding the MCM of the
Grace CPU, the Hopper GPU, and their combined behavior
within the Grace-Hopper Superchip (questions one through
three). For our validation suite, we predominantly employed
variants of the message passing (MP) litmus test for reasons
outlined in §1.

Recall that this choice was driven by two key factors: first,
the MP test effectively captures the producer-consumer com-
municationpatterns thatareprevalent in typicalGrace-Hopper
workloads; andsecond, theexistenceofnumerouswell-established
variants of theMPtest allows for a comprehensive exploration
of different memory ordering scenarios.
We now describe our efforts to validate and identify the

memory consistency model observed in the NVIDIA Grace-
Hopper Superchip. Before attempting to experiment with the
heterogeneous testing environment, we validated the consis-
tency of each processor individually.

4.1 Validating Individual MCMs

We first validated the consistency of each processor individu-
ally using the MP variants in Table 2a. For the Grace CPU, we
generated all seven variants using diyone7 and executed each
225M times using litmus7, and additionally, we varied both
ARM fence types (DMB.SY and DMB.ST/LD). For the Hopper
GPU, we expanded the base variants with the scope and fence
combinations in Table 2b: for each variant, we generated 3
scope variations for𝑌 (ensuring the scope of𝑌 is at least as
broadas𝑋 ) and10 fencevariations (no fence, plus three scopes
for each of three fence types), yielding 560 litmus tests. These
were executed using the parallel testing environment [21]with
producer and consumer threads on different CTAs, and all
threads concurrently performingmemory stressing to max-
imize the likelihood of exposing weak behaviors.

Table 2.Message Passing Variants
(a) Memory Ordering Variants

Test Producer Consumer
No-Fence

1 MP (rlx/rlx) St𝑟𝑙𝑥 (X) St𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (X)
2 MP (rel/acq) St𝑟𝑙𝑥 (X) St𝑟𝑒𝑙 (Y) Ld𝑎𝑐𝑞(Y) Ld𝑟𝑙𝑥 (X)
3 MP (rlx/acq) St𝑟𝑙𝑥 (X) St𝑟𝑙𝑥 (Y) Ld𝑎𝑐𝑞(Y) Ld𝑟𝑙𝑥 (X)
4 MP (rel/rlx) St𝑟𝑙𝑥 (X) St𝑟𝑒𝑙 (Y) Ld𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (X)

Fence (f.)
5 MP (fence pc) St𝑟𝑙𝑥 (X) f. St𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (Y) f. Ld𝑟𝑙𝑥 (X)
6 MP (fence p) St𝑟𝑙𝑥 (X) f. St𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (X)
7 MP (fence c) St𝑟𝑙𝑥 (X) St𝑟𝑙𝑥 (Y) Ld𝑟𝑙𝑥 (Y) f. Ld𝑟𝑙𝑥 (X)

(b) Scope Variants
Candidate Variants
X cta, gpu
Y cta, gpu, system
Fence rlx, acq-rel, sc, none
Fence Scopes cta, gpu, system

Table 3.Grace Message PassingWeak Behaviors.✓= weak
behavior observed; × = no weak behavior observed. The sub-
scripts onfencedenotewhere the fenceappears:𝑝 =producer
side,𝑐 = consumer side,𝑝𝑐 = both. Suffixes (DMB.ST, DMB.LD,
DMB.SY) specify the fence type.

Litmus Test Weak Behaviors

1 rlx/rlx ✓
2 rel/acq ×
3 rlx/acq ✓
4 rel/rlx ✓
5.1 fence pcDMB.ST/LD ×
5.2 fence pcDMB.SY ×
6.1 fence pDMB.ST ✓
6.2 fence pDMB.SY ✓
7.1 fence cDMB.LD ✓
7.2 fence cDMB.SY ✓

GraceCPUResults.As expected, theweak outcomewas for-
bidden only when both sides supplied the required ordering—
a release or producer-side fence on the producer and an ac-
quire or consumer-side fence on consumer (variants 2, 5). In
all other variants (1, 3, 4, 6, 7) at least one side was missing
the required ordering, and the weak outcome was observed
(Table 3).
Hopper GPUResults.Across all 560 litmus tests, whenever
a morally strong release-acquire synchronization was estab-
lished (i.e., both the release andacquire atgpu scopeorhigher),
no weak behaviors were observed. Conversely, in all other
scenarios—including insufficient scope and asymmetric cases
where only one side had a release or acquire—weak behaviors
were consistently observed. This confirms accurate enforce-
ment of the PTX MCM and demonstrates that the microar-
chitecture implements scoped ordering aggressively: weak
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behaviors appear precisely and only when morally strong
synchronization is absent.

4.2 Evaluating Grace-Hopper’s Memory Consistency

Does the Grace-Hopper Superchip as a whole adhere to the
ARM/PTX Compound Memory Consistency Model (CMCM)?
We extended our litmus testing methodology to probe inter-
device consistency, building on Srivastava’s framework [32].
Starting from the base variants in Table 2, we generated tests
in both communication directions (CPU producer/GPU con-
sumer and vice versa). Since the ARM architecture lacks ex-
plicit scope labels,CPUoperationsareunscoped inall variants.
This yielded a total of 1,960 MP variants. Each was executed
millions of times with memory stressing [21] on both devices.
Expected Behavior. As discussed in §3.2, the ARM/PTX
CMCM dictates two rules. First, because CPU operations lack
scopes, unscopedCPUoperations are treated as system-scope.
Second, morally-strong CPU-GPU synchronization requires
a release/acquire pairwhose scopes each encompass the other
thread. We therefore expect weak behaviors precisely when
scope or ordering semantics are insufficient.

Initial State: X=0 ∧ Y=0

CPU Prod. GPUCons.
m1: St(X, 1) m3: r0 = Ld𝑠𝑦𝑠𝑎𝑐𝑞(Y)
m2: St𝑟𝑒𝑙 (Y, 1) m4: r1 = Ld(X)

(a) system-scope RC (WB ×)

CPU Prod. GPUCons.
m1: St(X, 1) m3: r0 = Ld𝑔𝑝𝑢𝑎𝑐𝑞 (Y)
m2: St𝑟𝑒𝑙 (Y, 1) m4: r1 = Ld(X)

(b) gpu-scope RC (WB✓)

CPU Prod. GPUCons.
m1: St(X, 1) m3: r0 = Ld𝑐𝑡𝑎𝑎𝑐𝑞(Y)
m2: St𝑟𝑒𝑙 (Y, 1) m4: r1 = Ld(X)

(c) cta-scope RC (WB✓)

CPU Prod. GPUCons.
m1: St(X, 1) m3: r0 = Ld𝑠𝑦𝑠

𝑟𝑙𝑥
(Y)

m2: St𝑟𝑒𝑙 (Y, 1) m4: r1 = Ld(X)

(d) system-scope No RC (WB✓)

GPU Prod. CPUCons.
m1: St(X, 1) m4: r0 = Ld𝑎𝑐𝑞(Y)
m2: fence𝑐𝑡𝑎

𝑎𝑐𝑞−𝑟𝑒𝑙
m3: St𝑔𝑝𝑢

𝑟𝑒𝑙
(Y, 1) m5: r1 = Ld(X)

(e) gpu-scope RC (WB✓)
Figure 4. Scoped Message Passing with Release-Acquire. Be-
havior of interest: 𝑟0 = 1∧ 𝑟1 = 0. WB✓ = weak behavior
observed; WB× = no weak behavior observed.

Results: A Validation of the CompoundModel Table 4
presents the results of our heterogenous litmus tests. Cru-
cially, this table listsonly the scenarioswhereweakbehaviors
were detected. By correlating these observed failures with the
theoretical requirements of the CMCM, we derive two key
conclusions that validate this model:

Weak Behaviors from Insufficient Scope [Rows 1, 3-5,
8-9, 12-15, 19-22]. TheCMCMdictates that for aGPU thread
to synchronize with a CPU thread, memory operations must
use System scope (Figure 4a). In the tests corresponding to
these rows, we purposely restricted the synchronization 𝑌
to narrower scopes (CTA or GPU). In every such instance,

Table 4.Heterogeneous Message PassingWeak Behaviors
X Y P. Fence C. Fence Producer Consumer

1 gpu gpu Acq-Rel Acq-Rel𝑐𝑡𝑎 CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

2 gpu system Acq-Rel Acq-Rel𝑐𝑡𝑎 CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

3 cta cta Acq-Rel × CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

4 cta gpu Acq-Rel × CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

5 cta gpu × × CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

6 cta system × × CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

7 cta system SC × CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

8 cta cta × SC𝑐𝑡𝑎 CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

9 cta gpu × SC𝑐𝑡𝑎 CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

10 cta system × SC𝑐𝑡𝑎 CPU𝑟𝑙𝑥 GPU𝑟𝑙𝑥

11 gpu system Acq-Rel × CPU𝑟𝑒𝑙 GPU𝑟𝑙𝑥

12 cta cta × × CPU𝑟𝑒𝑙 GPU𝑟𝑙𝑥

13 cta gpu SC × CPU𝑟𝑒𝑙 GPU𝑟𝑙𝑥

14 cta gpu × × GPU𝑟𝑙𝑥 CPU𝑟𝑙𝑥

15 cta cta SC𝑐𝑡𝑎 × GPU𝑟𝑙𝑥 CPU𝑟𝑙𝑥

16 gpu system SC𝑐𝑡𝑎 × GPU𝑟𝑙𝑥 CPU𝑟𝑙𝑥

17 cta system × Acq-Rel GPU𝑟𝑙𝑥 CPU𝑎𝑐𝑞

18 cta system × SC GPU𝑟𝑙𝑥 CPU𝑎𝑐𝑞

19 gpu gpu Acq-Rel𝑐𝑡𝑎 × GPU𝑟𝑒𝑙 CPU𝑟𝑙𝑥

20 gpu gpu × SC GPU𝑟𝑒𝑙 CPU𝑟𝑙𝑥

21 gpu gpu × Acq-Rel GPU𝑟𝑒𝑙 CPU𝑎𝑐𝑞

22 cta gpu Acq-Rel𝑐𝑡𝑎 Acq-Rel GPU𝑟𝑒𝑙 CPU𝑎𝑐𝑞

the test produced weak behaviors, failing to establish critical
orderings. This confirms that the hardware respects the hi-
erarchy: cta and gpu scoped operations are strictly internal
to the device and are not promoted to the global intercon-
nect, validating the independence of device-level consistency
domains. 2 For example, in Figure 4e the GPU producer is-
sues a gpu-scoped release (𝑚3) preceded by a cta-scoped
fence (𝑚2), while the CPU consumer issues an acquire (𝑚4).
Under the CMCM, the unscoped CPU acquire is treated as
system-scope, but the GPU-side release scope (gpu) does not
encompass the CPU thread. The pair is therefore not morally
strong, and the weak outcome is permitted.

Weak Behaviors from Insufficient Ordering [Rows 2,
6-7, 10-11, 16-18]. The CMCM requires a valid release
on the producer to match a valid acquire on the consumer.
The highlighted rows represent scenarios where operations
were correctly System-scoped, but the ordering semantics
were mismatched (e.g., a release paired with a relaxed, or
narrowly-scoped fences). These configurations consistently
resulted in weak behaviors. This confirms that the Grace-
Hopper interconnect adheres strictly to relaxedordering rules
that require explicit software synchronization. For example,
Figure 4d uses a CPU producer with a release store, but the
GPU only does a system-scoped relaxed load, the load-store
pairing is insufficient and weak behaviours are observed.

Across all 1,960 variants, weak behaviors appeared exactly
where the CMCM predicts: when scope or ordering seman-
tics were insufficient for morally strong synchronization. No
correctly synchronized system-scope test exhibited weak be-
haviors. Notably, several patterns that were safe in CPU-only

2However, § 4.3 discusses an exception to the rule.
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orGPU-only contexts (e.g.,gpu-scopedor asymmetric release-
acquire pairings) produced weak behaviors in the heteroge-
neous context—precisely as the CMCM requires. This vali-
dates the ARM/PTX CompoundMemory Consistency Model
on the Grace-Hopper Superchip across our message-passing
litmus tests.

4.3 Evaluating Read-Modify-Writes

Both the Grace CPU and theHopper GPU provide support for
read-modify-write (rmw) instructions, such as fetch-and-add.
These instructions atomically read a value from a memory lo-
cation,modify it (e.g., increment), andwrite the updated value
back to the same location. Notably, the Hopper GPU supports
rmw operations with cta, gpu, and system scopes. Our inves-
tigation aimed to determine if concurrent rmws from both the
CPU and the GPU to a shared memory location would yield
the correct final count. Furthermore, we aimed to identify the
necessary scope forGPU-initiatedrmws to ensure the integrity
of these atomic operations when interacting with the CPU.

Toevaluate theatomicityof inter-devicermwoperations,we
designed a fetch-and-add litmus test. In this test, two threads
concurrently perform a fetch-and-add operation on a shared
counter variable for one billion iterations each. We consid-
ered two placement scenarios for these threads: both threads
residing on theGPU (in different CTAs) and one thread on the
GPUwhile the other runs on the CPU. For the GPU-based rmw
operations, we systematically varied the scope, employing
cta, gpu, and system scopes. Upon completion of all itera-
tions,weverifiedwhether thefinal valueof the shared counter
accurately reflected the total number of expected increments
(two billion), thus indicating the absence of any lost updates.
Expected Behavior. First, considering the scenario where
both threads reside on the GPU in different CTAs, the PTX
MCM dictates that only rmw operations with gpu or system
scope are guaranteed to produce the correct final count of two
billion. If the rmw operations are cta-scoped, it is permissible
for counts to be missed due to the limited visibility of cta-
scoped operations across different CTAs. For the CPU-GPU
case, the ARM/PTXCMCMmandates that the final count will
only be guaranteed to be two billion if the rmw operation on
the GPU is performed with system scope. Otherwise, if the
GPU rmw uses a narrower scope (cta or gpu), it is acceptable
for thefinal count to be less than twobillion, indicatingmissed
updates.
Results. Surprisingly, across all our fetch-and-add experi-
ments, regardless ofwhether the two threadswere bothon the
GPU (in different CTAs) or one on the GPU and the other on
the CPU, and irrespective of the scope (cta, gpu, or system)
used for the GPU’s rmw operation, the final count consistently
reached two billion. This outcome indicates that the microar-
chitectural implementation of rmw operations on the Grace-
Hopper provides stronger atomicity guarantees than those
strictlymandatedby thePTXMCMand the expectedbehavior

under the CMCM. Specifically, the scope of the rmw opera-
tion on the GPU did not seem to affect the correctness of
the final count in our tests, suggesting that the underlying
hardware enforces atomicity across different CTAswithin the
GPU and between the CPU and GPU, effectively disregarding
the specified scope for these atomic operations. We explain
this scope-agnostic behavior in § 5.5, where our coherence
analysis reveals that RMW operations are executed as far
atomics at the home node, bypassing the cache hierarchy
entirely. We emphasize that this scope-agnosticism applies
only to atomicity: the scope of an rmw continues to govern
its memory ordering guarantees. For example, a cta-scoped
rmw orders only within its CTA, while a system-scoped rmw
establishes ordering across the entire system.

5 Validating Coherence
Fundamentally, the questions we aim to answer are: what
mechanisms does the GPU employ to maintain cache consis-
tency (and do these differ from classical coherence protocols
that invalidate sharers on a write?), and through what mech-
anisms are the CPU caches and GPU caches kept consistent
with each other? We first explain the core idea behind our
“Value Propagation” (VP) litmus tests, which we designed to
decode the underlying coherence mechanisms. Subsequently,
we detail how we utilized these VP tests to address each of
our coherence-related questions.

5.1 Value Propagation Tests

To empirically determine the underlying cache coherence
mechanism of the Grace-Hopper Superchip, we introduce the
Value Propagation (VP) test. Unlike traditional consistency
litmus tests § 4, which rely on probabilistic stress-testing to
discover disallowed executions, VP tests are designed as de-
terministic probes, using value outcomes to distinguish
between two fundamental coherence paradigms:
1. Writer-Initiated Invalidation (Eager): Awrite by Core 1 im-
mediately invalidates shared copies in Core 2. Subsequent
reads by Core 2 miss in the L1, and fetch the new updated
value from the LLC.
2. Write-Propagation with Explicit Synchronization (Lazy): A
write by Core 1 does not immediately invalidate Core 2’s lo-
cal cache. Core 2 continues reading stale L1 data until the
following sequence takes place: first, Core 1 performs a re-
lease operation, updating the LLC via write-through caches;
subsequently Core 2 performs an acquire operation, caus-
ing it to invalidate its local L1; finally, a subsequent read by
Core 2misses in the local cache and fetches the updated value
from the LLC.While demonstrated onGrace-Hopper, VP tests
are platform-agnostic and applicable to any shared-memory
system.
The Value Propagation Test. operates as a philosophical
dual to standard litmus testing, specifically Message-Passing
(MP): it checks for eager visibility in the absence of synchro-
nization, rather than checking for disallowed behaviors.



ISMM ’26, June 16, 2026, Boulder, CO, USA S. Bagchi, S. Srivastava, R. Levine, T. Sorensen, R. Stutsman, and V. Nagarajan

Initialization: Shared variable 𝑋 is cached in both Core 1
and Core 2.
Step 1 (Core 1):Write to𝑋 , then write to𝑌 .
Step 2 (Core 2): Spin on𝑌 until the flag is observed.
Step 3 (Core 2): Immediately read𝑋 (without an intervening
fence or acquire).

The outcome of Core 2’s read of X disambiguates the proto-
col. IfCore2observes theupdated𝑋 , thewritemusthaveprop-
agated eagerly, invalidating Core 2’s cache line before the flag
𝑌 was observed. ImplyingWriter-Initiated Invalidation. But, if
Core 2 observes the old𝑋 , thewrite to𝑋 did not actively inval-
idate Core 2’s private cache. The newvaluemay be resident in
the LLC, but invisible toCore 2 until a self-invalidation occurs.
ImplyingWrite-Propagation with Explicit Synchronization.

A potential concern is that relaxed memory models permit
reordering of accesses to𝑋 and𝑌 , which could mask the co-
herence behavior. However, our Section 4.1 results bound this
effect: relaxed MP tests exhibited weak behaviors at ∼0.2%
rates. Therefore, when our VP tests observe stale values in
nearly 100% of runs (as in the GPU cross-CTA case, §5.3), re-
ordering alone cannot account for the result—the stale reads
are a definitive signature of the absence of writer-initiated
invalidation. Conversely, when VP tests observe updated val-
ues consistently, this is a high-probability indicator of eager
invalidation, given the ∼0.2% reordering rate.
5.2 Grace Coherence

Does the Grace CPU employwriter-initiated invalida-
tions? We executed the VP test described above on two dif-
ferent CPU coreswithin theGrace processor. Our observation
was that the read of 𝑋 by the second core revealed the up-
dated value written by the first core, even in the absence of
explicit release-acquire synchronization. This result strongly
indicates that the Grace CPU utilizes a writer-initiated inval-
idation coherence mechanism.

Table 5.Hopper cta-Scoped Read Latencies and Behavior
Ordering Source L1 Cached Latency Status

Relaxed § 5.3 L1 ✓ 6ns Stale
Relaxed § 5.3 L2 – 145ns Valid
Acquire § 5.3 L2 ✓ 145ns Valid

5.3 Hopper Coherence

Does theHopperGPUemploywriter-initiated invalida-
tions? We conducted a variant of the VP test. In this experi-
ment, aGPU threadT0wrote to two shared variables,𝑋 and𝑌 .
Thewrite to𝑋 wasperformedwithcta-scope,while thewrite
to𝑌 used gpu-scope. We then deployed two consumer GPU
threads: T1 on the same CTA as producer T0, and T2 located
on a different CTA.We ensured that both consumer threads,
T1 and T2, had cached the initial value of𝑋 in their local

L1 caches before the producer began its writes. Subse-
quently, both T1 and T2 performed a gpu-scoped read of 𝑌
followed by a cta-scoped read of𝑋 .
Our observations revealed that while thread T1, being on

the same CTA as producer T0, successfully read the updated
value of X, thread T2, residing on a different CTA, did not
observe this updated value of 𝑋 . The fact that T1 and the
producer T0 share the same L1 cache makes T1’s observation
of the updated𝑋 value unsurprising.
However, the crucial finding is that thread T2, despite ob-

serving the initial write to𝑌 (eventually, due to gpu-scope),
did not see the updated value of 𝑋 when it performed its
cta-scoped read. This stale data read occured with L1 read
latencies (∼6ns) This strongly suggests that the cta-scoped
write to𝑋 performed by T0 did not invalidate the cached copy
of𝑋 in T2’s local L1 cache. This lack of invalidation across dif-
ferent CTAs provides compelling evidence that theHopper
GPU does not employ writer-initiated invalidations of
sharers in other L1s.

Does theHopperGPUemploywrite-throughL1 caches?
Having established that the Hopper GPU does not utilize
writer-initiated invalidations of L1 caches across different
CTAs, and knowing that cta-scoped operations primarily
interact with the L1 cache while gpu-scoped (or higher) oper-
ations interact with the L2 cache according to the PTXMCM,
wenowinvestigatewhethercta-scopedwritesalsopropagate
to the L2 cache (i.e., do L1 caches write through to the L2?).
Wemade a small modification to the consumer thread T2

from the previous experiment: we disabled the caching of𝑋
and 𝑌 during the thread’s initialization. When the updated
value of𝑌 was eventually visible to T2, the subsequent loads
for𝑋 would therefore miss in the L1 cache and read from the
L2 cache. In the absence of𝑋 cached in T2’s L1, we observed
that T2 did see the updated value of𝑋 , and the latencies for
these reads were ∼ 145ns, matching the L2 hit latency. Be-
cause T2 operates on a different CTA (and thus a different
L1) than T0 yet observes the updated value at L2-hit latency,
the cta-scoped write by T0 must have propagated beyond
its local L1 and reached the GPU’s L2 cache. This suggests
that cta-scoped writes on the Hopper GPU are written
through to the L2 cache.

Does the Hopper GPU self-invalidate the L1 on an ac-
quire? We returned to the original VP test setup for Hop-
per. Producer thread T0 performed a cta-scoped write to𝑋 ,
followed by a gpu-scoped write to 𝑌 . We then modified the
consumer thread T2: instead of a gpu-scoped read of 𝑌 , T2
now performed a gpu-scoped acquire on 𝑌 , followed by a
cta-scoped read of𝑋 .

With this modification, we observed that T2 could see the
updated value of𝑋 . Furthermore, changing the scope of the
acquire on𝑌 to system also resulted in T2 observing the up-
dated𝑋 . However, if the scope of the acquire on𝑌 was cta,
T2 did not observe the updated value of𝑋 . This pattern of
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results strongly suggests that an acquire operation on
theHopperGPUwith a scope of gpu or higher triggers a
self-invalidation of the local L1 cache. This invalidation
would then force the subsequent cta-scoped read of 𝑋 to
fetch the updated value from the L2, which had previously
been written through to the L2 cache (as established in § 5.3).
This read from the L2 is substantiated by the fact that the read
latencies matched the L2 hit latencies (∼145ns).

5.4 Grace-Hopper Coherence

Do Grace CPU writes invalidate GPU caches? We em-
ployed a modified VP test. In this setup, a CPU thread acted
as the producer, first writing to a shared variable𝑋 and then
performing a regular (non-release) write to another variable
𝑌 . The consumer was a GPU thread, and we ensured that the
initial value of𝑋 was cached in both the L1 and L2 caches of
theGPU. TheGPU consumer first performed a read of𝑌 , wait-
ing until it observed the updated value written by the CPU.
Subsequently, it performed a cta-scoped read of 𝑋 . In this
scenario, we observed that the GPU consumer consistently
read the original, stale value of𝑋 , indicating that the invali-
dation resulting from the CPU’s write to𝑋 did not propagate
to the GPU’s L1 cache.

We also executed a variant of this test where the GPU con-
sumer used the gpu-scope to read𝑋 instead of cta-scope. In
this case, the GPU thread did observe the new value of 𝑋
written by the CPU. This implies that the invalidation signal
originating from the CPU’s write to𝑋 must have successfully
reached the GPU’s L2 cache and invalidated the correspond-
ing cached copy of𝑋 at that level.

These findings strongly suggest thatwrite operations
from the Grace CPU not only invalidate shared cache
lines within the CPU’s cache hierarchy but also ex-
tend to invalidate shared copies residing in the Hop-
per GPU’s L2 cache (via the NVLink-C2C interconnect).
However, our results indicate that these invalidations do not
appear to directly propagate to the GPU’s L1 caches. This is
consistent with a hierarchical protocol where the NVLink-
C2C interconnect maintains coherence at the L2 level, while
GPU L1 caches remain invisible to the global protocol and are
managed solely through self-invalidation on acquires (Sec-
tion 5.3).

DoHopper GPUwrites invalidate CPU caches? In this
experiment, we reversed the roles, setting a GPU thread as
the producer and a CPU thread as the consumer. We ensured
that the CPU consumer cached the initial value of𝑋 . In this
configuration, we observed that regardless of the scope (cta,
gpu, or system) used by the GPU producer for its writes to𝑋 ,
theCPU consumer consistently read the updated values.This
result indicates thatwritesoriginating fromtheHopper
GPUfirstpropagate to theGPU’sL2 (sinceGPU’sL1sare
write through, § 5.3) fromwhere they eventually prop-
agate to the coherentmemory region shared with the

CPU, leading to the invalidation of any cached copies
in the CPU’s cache hierarchy. This suggests a mechanism
where GPUwrites, despite their initial scope, are made glob-
ally visible via the NVLink-C2C interconnect and maintain
coherence with the CPU’s caches.
The latency data related to these patterns of Hopper read

operations is described in Table 5.

5.5 NVLink-C2C Interconnect Protocol: AMBACHI?

Weinvestigate theprotocolgoverningthehigh-speedNVLink-
C2C interconnect between Grace and Hopper, which is spec-
ulated to be based on the AMBA CHI protocol specifica-
tion [10, 33].
AHierarchicalSWMRProtocol. TheAMBACHI is a classi-
cal coherence protocol designed to enforce the Single-Writer-
Multiple-Reader (SWMR) invariant by invalidating sharers
upon a write. Drawing upon the findings from the preceding
section, we have gathered evidence indicating that: (1) writes
from the GPU invalidate any sharers residing in the CPU’s
caches; and (2) writes from the CPU invalidate any sharers
residing in theGPU’s L2 cache (but not the L1). From these ob-
servations, we can reasonably infer that the CPU’s Last-Level
Caches (LLCs) and the GPU’s L2 cache are kept coherent us-
ing a classical SWMR-based protocol across the NVLink-C2C
interconnect. This SWMR protocol appears to be integrated
hierarchically with the internal coherence protocols of both
the CPUs and the GPUs.
Protocol Flows. We have also established that the CPU’s
internal coherence protocol enforces SWMR,while theGPU’s
internal protocol relies on self-invalidation of the L1 and
write-through to the L2 on an acquire. Consequently, any
write targeting theGPU’s L2 cachewould trigger invalidation
messages to be sent across the NVLink-C2C interconnect to
the CPU’s LLCs, which would then propagate these inval-
idations to its internal caches via its own SWMR protocol.
Conversely, any write to the CPU’s LLCwould result in inval-
idations being sent to any sharers within the GPU’s L2 cache,
but not to its L1 sharers.
The Evidence for CHI. While we have established a hier-
archical SWMR protocol tying the devices together, we have
not yet confirmed that it adheres to theCHI specification. One
distinguishing characteristic of CHI lies in its specific proto-
col flows for Read-Modify-Write (RMW) operations. While
RMWs can be implemented in various ways—such as acquir-
ing exclusive access to a cache line and locking it [19, 41]—the
CHI protocol uniquely specifies an in-memory approach that
bypasses local caching, which the specification terms “far
atomics” [3]. When a processor intends to perform an RMW,
it first invalidates any sharers and then executes the RMW
operation directly in the “home node’s” memory (the phys-
ical memory it is present on) , without bringing the affected
cache block into its local cache. This characteristic alignswith
our earlier observation in the CPU-GPU fetch-and-add test,
where the atomic counts were consistent regardless of the
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GPU’s RMW operation’s scope. A plausible explanation for
this scope-agnostic behavior is that, because CHI RMWs use
far atomics to operate directly in memory, the concept of
cache scope becomes irrelevant.

To further investigate this hypothesis,we conducted aping-
pong RMW experiment involving alternating atomic opera-
tions between the CPU and the GPU on a shared variable.
Methodology. The CPU sets X=1, and the GPUwaits until it
observes X==1, then sets X=2. Subsequently, the CPUwould
wait for X==2 and atomically set it back to X=1. We measure
the latency of 10000 such cycles (Figure 5).

1. RMWPing-Pong: Each cycle uses RMWoperations
to utilize AMBA CHI’s far atomics.

2. Load-Store Ping-Pong: Each cycle uses individual
load and store operations. This is used as a control.

For the GPU’s RMW operations in this experiment, we
varied the scope across cta, gpu, and system.
Expected Behavior. If the interconnect uses standard coher-
ence for RMWs,we expect the latency of the RMWPing-Pong
to be roughly the same as that of the Ld-St Ping-Pong, since
both require transferring cacheline ownership. Furthermore,
if RMWs are executed locally in the GPU L1, using cta scope
shouldresult indeadlockswhencommunicatingwith theCPU.
Conversely, if the interconnect uses CHI’s far atomics, the
latency of the RMWPing-Pong cycle should be significantly
lower than that of the Ld-St Ping-Pong cycle, as it avoids fetch-
ing the cacheline. Since far atomics execute at theHomeNode,
they should be inherently global and therefore scope-agnostic.
Even cta-scoped RMWs should then be visible to the CPU.
Results.Figure 5presents theobserved latencies across 10000
measurements. The results indicate that the NVLink-C2C in-
terconnect implements RMW operations via far atomics at
the home node, a distinguishing feature of the AMBA CHI
protocol specification:

• RMW’s are scope-agnostic, and fast, achieving a consis-
tently low latency (∼800ns) regardless of the scopeused,
essentially confirming that the hardware propagates
RMWoperations to the Home Node. This uniformity is
consistent with an architectural far-atomic path rather
than a scope or placement heuristic.

• Standard Load-Store coherence is slow and scope sen-
sitive, exhibiting a significantly higher latency (∼3x),
reflecting the cost of transferring cachelines and han-
dling invalidations. We also notice that the Ld-St Ping
Pong test deadlockswith thecta scope, confirming that
local scoping is respected.

These results also explain the “stronger-than-spec” behav-
ior of the RMWs seen in § 4.3.
6 Summary of Insights
ForPerformanceProgrammers.cta-scopedandgpu-scoped
read-modify-write operations exhibit system-wide atomicity

Figure 5. CPU-GPU Ping-Pong Latency in ns across 10K
measurements: RMW and Ld/St (Range, Mean, Median)

across theCPU-GPUboundary, stronger than the PTX specifi-
cationmandates. Performance programmers shouldneverthe-
less be careful in exploiting this behavior: it is not guaranteed
by thePTXspecification andmaynotholdon futurehardware.
For CompilerWriters. Compilation of independent CPU
/GPU programs is empirically safe because the Grace-Hopper
Superchip adheres to theARM/PTXCompoundMemoryCon-
sistency Model—which compilers, in our view, should target
exclusively. Exploiting stronger-than-spec hardware behav-
iors is the domain of brave performance programmers, at their
own risk.
For Architects. The reverse-engineered coherence architec-
ture indicates ahierarchical approach toheterogeneous coher-
ence [24, 30]. The inter-node global protocol employs AMBA
CHI to enforce SWMR, while the intra-node layer within the
GPU uses write-through self-invalidating L1 caches. Addi-
tionally, atomic RMWoperations execute at the home node
via far atomics.

7 Conclusion
Through 1,960 heterogeneous message-passing litmus tests,
we have empirically validated that the Grace-Hopper Su-
perchip enforces the ARM/PTX Compound Memory Con-
sistencyModel, placing the widespread practice of indepen-
dent CPU/GPU compilation on a firm empirical foundation.
This result also establishes the CMCM as a concrete archi-
tectural target for future heterogeneous systems. Using our
novel Value Propagation methodology, we have provided the
first empirical map of the Grace-Hopper coherence hierarchy:
write-through self-invalidating L1 caches within the GPU,
and CHI-like directory-based SWMR across the NVLink-C2C
interconnect, with RMW operations executing as far atom-
ics at the home node. We expect these coherence insights—
particularly thewrite-through behavior and far atomics—will
enable systems software and performance programming com-
munities to better optimize communication-bound heteroge-
neous workloads.
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