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Abstract

Modern heterogeneous processors like NVIDIA’s Grace Hop-
per tightly integrate CPUs and GPUs with shared coherent
memory, relying on independent compilation of CPU and
GPU code. We show that the standard compilation path for
such heterogeneous CUDA programs is unsound: Indepen-
dently compiled code can violate the guarantees of the scoped-
C/C++ concurrency model. In diagnosing this failure, we un-
cover a deeper flaw in the PTX memory model itself. The
compilation from scoped-C/C++ to PTX—which NVIDIA for-
mally verified and considered “an important prerequisite to
the official release of the model”—is unsound; NVIDIA has
confirmed our finding. The flaw stems from the model treating
full fences specially, unlike other ordering primitives.

We resolve both the heterogeneous and homogeneous flaws
with a single, targeted change to the PTX SC ordering. Our
modified model preserves non-multicopy-atomic behaviors,
respects scope boundaries, and—as we confirm through em-
pirical litmus testing on NVIDIA A100, H100, GH200, and
GB10 GPUs—imposes no new requirements beyond what the
hardware already enforces. All soundness proofs are mech-
anized in Agda. Although our model is specific to PTX and
ARM-PTX, the lesson is general: Ordering between fences
should not be treated specially but should instead be derived
from existing primitive relations.

CCS Concepts: « Theory of computation — Program se-
mantics; - Computer systems organization — Multicore
architectures; - Software and its engineering — Formal
methods.
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1 Introduction

Can programs for heterogeneous processors with CPUs and
GPUs be compiled independently and composed soundly?
This question is critical for heterogeneous systems such as
NVIDIA’s Grace Hopper, which tightly integrates an ARM
CPU and a Hopper GPU with coherent shared memory.

In a CUDA program, the CPU parts are compiled by GCC or
Clang, and the GPU parts independently by NVCC. The cor-
rectness of this composition rests on the underlying memory
consistency models (MCMs).

We show that a fundamental conflict between the CPU and
the GPU MCMs makes the standard compilation path for het-
erogeneous CUDA programs unsound. The compilation can
violate the guarantees of the scoped-C/C++ model—a scoped
extension of the C++ memory model designed by NVIDIA
to capture the semantics of GPU programming models like
CUDA and OpenCL [25]. The compilation target we consider
is the formalization [25] of the PTX model described in prose
in the NVIDIA documentation [28, Sec. 8].

The conflict stems from fundamental architectural differ-
ences. CPUs, like ARM, typically provide Multi-Copy Atomic-
ity (MCA), ensuring that, logically, writes become visible to all
cores simultaneously. In contrast, GPUs often lack MCA (i.e.
they are non-MCA), meaning writes may become visible to dif-
ferent cores at different times. This asymmetry leads to funda-
mentally different strategies for compiling C++ sequentially
consistent (SC) atomics: ARM’s MCA enables an efficient “no-
fence” mapping that avoids costly memory fences [6, 14, 34],
while non-MCA PTX requires a conservative “leading-fence”
mapping that inserts an explicit full fence (also known as
sc-fence) before each sc operation.
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While investigating this heterogeneous incompatibility,
we uncovered a more fundamental and pre-existing flaw, not
in the composition, but in the soundness argument for compi-
lation to the official PTX model itself. The PTX model was de-
signed to correctly implement the scoped-C/C++ model [25],
and its formal compatibility with scoped-C/C++ was consid-
ered to be “an important prerequisite to the official release of
the model” [24]. This correctness argument, however, hinges
on a critical, unproven transformation applied before the
mechanization. Following prior work [20], the authors split
the SC accesses of scoped-C/C++ into an sc-fence followed by
a corresponding release/acquire access, assuming this simpli-
fication was sound for the scoped case as well. We demonstrate
that this “fence-splitting” transformation is unsound in the
presence of scopes: the newly-introduced SC fence does not
inherit the same memory ordering from the original SC access
across scopes, breaking the ordering guarantees mandated by
scoped-C/C++. This transformation is unsound in the scoped-
C/C++ model itself and thus for its compilation to NVIDIA
PTX. We contacted the NVIDIA authors of the original PTX
model [25]. They confirmed the flaw and were eager to learn
about our proposed solution.

The definition of fence ordering is also the root cause of
the heterogeneity problem. The ARM architecture, with its
inherent MCA, provides strong ordering guarantees without
using the explicit sc-fences that the PTX model’s logic relies
on. In both cases—whether composing with scoped-C/C++’s
sc accesses or ARM’s MCA—the PTX model is blind to critical
orderings, leading to a soundness gap.

Weresolve both correctness challenges with a single, model-
level solution. We propose amodest change to the PTX model’s
SC ordering mechanism. The existing model mandates this
order via sc fences only; we propose an alternate ordering
derived from existing relations, including coherence (co) and
from-read (fr). We formally prove that this single fix: (a) re-
pairs the soundness proof for the existing homogeneous PTX
compiler mappings for scoped-C/C++, and (b) guarantees the
sound composition of these mappings with the “no-fence”
mappings used by ARM (which uses synchronizing accesses
and inserts no fences). All proofs are mechanized in Agda.

CSYS _ 4. CVSYS _ 4.
e1: Xpix = L;|lea: Yax = 1; e1: Xuix = Lif|ea: Yy = 15

. Fcta. . Fcta.
e2: Fsc; es: Fse; ex: Focs es: Focs
o g — VIYS. b — YOYS.
e3:a = Yaux || €600 = Xpuxs e3:a = Yyiys es:b = Xauxs
CTA1 CTA2

(a) Unscoped (b) Scoped, in different CTAs

Figure 1. A store buffering program, with unscoped and
scoped variants. In (a), the weak behavior a=b=0is disallowed
by fences e, and es in unscoped-C/C++. In (b), that behavior
is allowed in both scoped-C/C++ and PTX as the fences are
not morally strong: they are cta-scoped but in different CTAs.

Dennis Sprokholt et al.

This strengthening is surgical. First, it does not impose
full MCA on the GPU; non-MCA behaviors like IRIW (In-
dependent Reads of Independent Writes) are still permitted.
Second, co and fr participate in the SC ordering only when the
events share a sufficient scope—that is, when they are morally
strong—so cross-scope weak behaviors remain allowed. Third,
the hardware already satisfies our strengthened requirements:
empirical litmus testing on NVIDIA A100, H100, GH200, and
GB10 GPUs confirms every execution our model forbidsis also
empirically forbidden, imposing no microarchitectural cost.

Contributions

o We are the first to demonstrate that composing standard, op-
timized compiler mappings for heterogeneous ARM-PTX
systems (no-fence vs. leading-fence) is unsound.

o We identify a subtle flaw in the soundness argument for
the official scoped-C/C++ to PTX compiler mappings in
Figure 5 [25], showing its reliance on an unproven “fence-
splitting” transformation is unsound.

o We show these two distinct problems share a common
root cause: the PTX model’s special treatment of sc-fences
fails to capture critical orderings in both the homogeneous
scoped-C/C++ and heterogeneous ARM contexts.

e We propose a unified, model-level solution: a solution to the
PTX SC ordering definition that fixes the scoped-C/C++-
to-PTX miscompilation.

e We propose the ARM-PTX model and prove that existing
compilation schemes from scoped-C/C++ to ARM and PTX
remain sound. We have mechanized these proofs in Agda.

e We validate our model with empirical litmus testing on
NVIDIA hardware, finding no violations of our proposed
model and validating our surgical strengthening while still
allowing observable non-MCA behaviors.

2 Two Problems, Root Cause, One Solution

To make the claims from the introduction concrete, we moti-
vate the problem with two key litmus tests [3]. The first, a het-
erogeneous test, exposes a challenge in compiler correctness
when composing ARM and PTX. The second, a homogeneous
test, reveals a similar issue rooted in a subtle pre-existing
error in the compilation from scoped-C/C++ to PTX.

Our goal in this section is to provide a high-level, intuitive
overview of these failures. The formal definitions for the mod-
els and relations (like happens-before, scopes, and morally
strong) that underpin this analysis will be detailed in Section 3.

2.1 Review: Scoped Memory Ordering Intuition
Before exploring those problems, we give an intuition for
weak memory semantics of scoped models, which we consider
in this paper. We explain by example through two variants
of the store buffering program in Figure 1, starting with the
simpler unscoped variant in Figure 1a.

The program has two threads, separated by the vertical ||.
We assume that all variables are initialized to 0 before creating
the threads. Operation e; writes 1to X and e; reads from Y. As
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both accesses are relaxed (RLxX) they could independently exe-
cute out-of-order, but the intermediate full fence ensures they
cannot reorder across it. Similarly, the right thread writes to Y
and reads from X, with full fence e; in-between. Without those
fences e, and es, the memory accesses could reorder, resulting
in the weak outcome a=b=0. However, as the fences restrict
ordering, that outcome is forbidden in unscoped-C/C++.

Figure 1b is the same program, but now with scope annota-
tions. In particular, the memory accesses e;, e, e4, and e are
sys-scoped, which means their ordering is visible across the
entire system, including CPUs and GPUs. When two scoped
memory operations have scope annotations that include the
thread executing the other, then those accesses are morally
strong [25]. For instance, e and e, are morally strong as both
have sys-annotations and both threads execute on the same
system. In contrast, the fences e, and es are cta-scoped, mean-
ing their order is only visible to other threads in the cooperative
thread array (CTA). As the threads execute in different CTAs,
the fences are not morally strong, making the weak behavior
a=b=0 observable in both scoped-C/C++ and PTX.

We use these scoped weak memory semantics to reason
about compilation correctness of scoped-C/C++ to PTX or
heterogeneously to ARM-PTX.

2.2 Symptom: Heterogeneous Composition Unsound

To illustrate the challenge of heterogeneous ARM-PTX com-
position, consider the C++ program in Figure 2a, a test of
transitive synchronization forbidden by the C++ standard. A
program with at least four threads can have two synchroniza-
tions between sc-accesses in two threads each, showing how
two fences appear outside the ordering path when compiling
to PTX (Figure 2c) and ARM-PTX (Figure 2d). In Figure 2a,
the operations in each thread are reads, writes, and fences,
with release (REL), acquire (AcQ), or sequentially consistent
(sc) memory orders. For example, the first operation in the
first thread (Ty), ‘e;: Xsc = 1’ is an sc write to shared variable
X of the value 1. We label this access with e;.

2.2.1 Correctness on a Homogeneous CPU or GPU.
Figure 2b shows the generated ARM program, where the C++
SC and release writes map to ARM release write (L), while
acquire and SC reads translate to ARM acquirePC (Q) and ac-
quire (A) reads, respectively. These release accesses order with
predecessors, while acquire accesses (including acquirePC)
order with succeeding accesses. The accesses create an or-
dering chain from e; to eg, which results in a=c=1,b=0, but
correctly forbids d to read value 0.

Now consider the generated PTX program in Figure 2c’.
This strategy implements an sc memory operation by replac-
ing it with two instructions: an sc-fence that leads a memory
access with weaker semantics; specifically, an sc-store be-
comes an sc-fence followed by a REL-store, while an sc-load

1We assume each of the operations are system scoped, but do not show the
scope labels in the litmus test
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becomes an sc-fence followed by an Acg-load. This mapping

to PTX correctly disallows the forbidden outcome by estab-

lishing a complete ordering chain from the write to X in ¢; to
the final read of X in eg.

o A release-acquire chain orders the first write (e;) with the
fencein T, (p4).

e The sc-fence in T, (p,) and the sc-fence in Ty (pg) are part
of a total order over morally-strong sc-fences. Here, b (e4)
reads 0 (from the initial value) and not 1 (from e5) forcing the
fence p, to be ordered before the fence ps in this total order.

e Finally, the fence in 7, (ps) is ordered by program order with
the final load (eg). This creates a complete chain forcing the
final read (eg) to see the initial write (e;) and thus forbidding
the weak outcome.

2.2.2 The Puzzle on a Heterogeneous System. The sit-
uation becomes more complex on a heterogeneous machine
like Grace Hopper. Consider the case where threads T;-T5 run
on the GPU (PTX) and T, runs on the CPU (ARM), as shown
in Figure 2d. The ARM architecture’s strong MCA guarantees,
combined with the fact that a release-write is ordered with a
subsequent (in program order) acquire-read enables the com-
piler to use the efficient “no-fence” strategy. The C++ AcQ-load
of V in Tj (e7) and sc-load of X (es) are translated directly to
load-acquirePC and load-acquire instructions, respectively.
The critical sc-fence in Ty (Figure 2c, ps) is now absent.
The PTX model’s SC ordering logic, which relies only on a

e1:Xse =1 ||es:a =Yacql||€5:Zsc =1 ||e7:¢ = Vacg
eZ:YRELzl €4Zb:ZSC E(,ZVRE]_ZI €8Id:XSC
(a) Source (C/C++)
e1: XL =1|les:a=Yq|les:ZL =1|le;:c =Vq
er:Y =1|les:b=2Znlleg: VL =1|leg:d =Xa
(b) ARM
p1:Fse e3:a = Yaco || p5: Fsc e7:¢ = Vacgo
e Xper = 1| pa: Fse €5 Zrpr = 1| pg: Fsc
ey Yoo =1 ||es:b = Zycg | : Vam = 1|€s:d = Xacq

(c) PTX
(PTX) (PTX) (PTX) (ARM)
p1:Fsc €3: a:YACQ ps:Fse

e1 : XpeL =1 psa:Fsc es: Zpp,=1||e7:c=Vq
ey : Yam=1|es:b=Zycq| €6 : Var=1 |5 :d=Xn

(d) ARM-PTX

Figure 2. An example of compilation from C++ to ARM, PTX,
and ARM-PTX following the existing mapping schemes [25,
40]. The outcome a=c=1, b=d=0 is forbidden in C++. Hence,
the generated programs must forbid the outcome to ensure
compiler correctness. (All accesses are sys-scoped)
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e Ze =1|es:a=Z2 ey X5  =2]| g :b=Y:Z;
e3: X2 =1|les Yo =1|le; :c=Z30
CTA1 CTA1 CTA1 CTA2
¢
pr:FE p2 :F&& pa:Fe e b=Yg
e Zan=1e2:a=Z5 e : Xnfy =2 || pr: Fl
p3: Fe& es: Yo =1|le7:c=2Z30
€5 X =1
CTA1 CTA1 CTA1 CTA2

Figure 3. An incorrect compilation from scoped-C/C++ to
PTX. The outcome a=b=1, c=0, X=2 is forbidden in the source
program but allowed in the generated PTX program.

total order of sc fences, is now broken in Figure 2d. The fence
pa in T; has no corresponding fence in T, to order against.
This raises the key puzzle: Without that fence, how can es be
forced to see the value of e; ? How can correctness be maintained
across the architectural boundary, while allowing these efficient,
independent mappings?

2.3 The Problem: A Pre-existing Flaw in PTX

Treating sc-fences as the primary primitive to enforce mem-
ory ordering isnot justa problem for heterogeneity; it is linked
to a fundamental, pre-existing flaw in the soundness argu-
ment for the homogeneous PTX model itself. We demonstrate
this using the scoped-C/C++ litmus test shown in Figure 3.
The test consists of four threads, with the first three threads be-
longing to one CTA and the last thread belonging to a different
CTA. This test is forbidden by the scoped-C/C++ model [25].

Informally, the model establishes a chain of SC ordering
edges from e, to e;. For this chain to be valid, each link must be
“morally strong” (ms)—a key concept in scoped models. This
simply means that for two operations to synchronize, their
scopes must be compatible (e.g., one operation’s scope must
include the other’s thread). In this test, the chain is pairwise
morally-strong and unbroken, which forces the final read e;
to see the value from e;.

However, when compiled to PTX using the leading-fence
mapping, this outcome is incorrectly allowed. The PTX model
fails because its SC ordering logic is too weak, establishing
an SC order only between fences that are morally strong with
each other. In this example, the relevant fences p; and p; are
not morally strong, since ps has cta-scope but p; is in a differ-
ent CTA. Crucially, being morally strong is not transitive.

2.4 The Common Root Cause and Our Solution

Both the heterogeneous and homogeneous bugs stem from
the same root cause: the PTX model treats sc-fences as the
primary primitive to enforce ordering across scopes, while
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ordering of other primitives is not sufficiently considered.

This single flaw manifests in two distinct ways:

o In the heterogeneous case, the logic fails because the ARM
thread provides no fence for the PTX model to order against.

o In the homogeneous case, the logic fails because, while
the individual links in the chain are morally strong, the
provided fences are not, and thus establish no ordering.

We propose a unified, model-level solution. The main problem
with the existing model is that the source language model
orders sc-accesses, for which the mapping pushes the leading
sc-fences outside the ordering path. Figure 2d showed only
one sc-fence appearing on the path between reads and writes,
which cannot enforce the ordering by itself. Our model must
thus include those edges the source model used to forbid the
outcome — and nothing more, ensuring observable non-MCA
behaviors remain consistent with our model.

We fix that root cause by enhancing the PTX model’s SC
ordering definition. Instead of relying only on fences, our
strengthened model redefines the SC order to also include: co-
herence order (co), which enforces the order between writes to
the same memory location; and from-read (fr), which enforces
the order from a read to a subsequent write that overwrites
the value just read. This surgical strengthening restores cor-
rectness in both cases:

e For the heterogeneous bug (Figure 2d), the fr order from e,
to es isnow included in the SC order. This fr order composes
with ARM’s global memory order to disallow the forbidden
outcome, even without a fence on the ARM side.

o For the homogeneous bug (Figure 3), the co from e; to e, is
now included in the SC order, disallowing the outcome di-
rectly without relying on (now-redundant) fence ordering.

This allows both compilers to soundly continue using their

optimal, independent strategies (no-fence and leading-fence).

3 Preliminaries: Concurrency Models
We now review the relevant fragments of the axiomatic for-
malization of two existing memory consistency models: The
existing PTX model (Section 3.1 and Figure 4b), defined on the
PTX virtual architecture for NVIDIA GPUs [25, 29], and the
scoped-C/C++ model (Section 3.2). The standard notations
of axiomatic consistency [4, 8] and details of the ARM model
are included in Appendix B.

» Notation. In our examples we omit initialization events

(writing 0) and their outgoing po and rf (to events reading

0) edges. All examples consider memory initialized to 0.

3.1 PIX

The existing axiomatic PTX model in Figure 4b is defined on
the PTX virtual architecture for NVIDIA GPUs [25, 29].

Events. In the PTX model, the read, write, RMW, and fence
accesses have memory orders: weak (Wk), relaxed (RLX), ac-
quire (AcQ), release (REL), acquire-release (AQRL), and sequen-
tially-consistent (sc). We will also explain these memory or-
ders upon use, but give them here for completeness. The



Beyond the Fence: Sound Compilation for GPU and Heterogeneous CPU+GPU Systems

ob is irreflexive where (External)

ob £ (rfe U coe U U bob u..)"
bob £ [W_];po;[Ra] U [Reajq)]spo U pos[WL] U ...
(a) ARM

(sc;cause) is irreflexive where (FenceSC)

sw = (ms n ([WREL];rf;[RACQ])) UscU ...
cause £ (po’;sw;po’)t U ...
(b) PTX

Figure 4. Relevant fragment of existing ARM and PTX ax-
iomatic memory models [25, 35]. (Fully in Appendix B)

memory order of a read, write, RMW, and fence operation is
one of {WK, RLX, ACQ}, {WK, RLX, REL}, {RLX, ACQ, REL, AQRL},
and {AcQ, REL, AQRL, 5C}, respectively. The annotations order:
WK < RLX < {ACQ,REL} < AQRL < SC.

Non-weak PTX accesses also have an additional parame-
ter: scope. The scope denotes the thread hierarchies within
which the event may participate in synchronization - cta for
all threads in a cooperative thread array, gpu for all threads
on the same GPU, and sys for all threads in all devices, i.e. in
terms of the hierarchy of scopes, we have cta < gpu < sys.

Relations. On these events, PTX defines two additional prim-
itive relations: A pair of non-weak events is morally strong
(ms) when both events are not weak and have a scope that
includes the thread of each other; and the sc relation orders
a pair of morally-strong sc fences.

The PTX model has a synchronization (sw) relation be-
tween a pair of morally strong release and an acquire events,
which may arise in several ways. For example, ifaload-acquire
reads-from a store-release and the events are morally strong,
then it establishes synchronization. sc also establishes syn-
chronization sw. With on sw and po PTX derives a global
ordering cause as defined in Figure 4b.

Axioms. Axiom (FenceSC) in Figure 4b is most relevant for
us: it restricts the ordering between F. events, generated by
full fences, along sc and cause. The additional axioms in the
original PTX are in Appendix B, which enforce consistency
based on cause and co, rf, and

3.2 Scoped-C/C++

The scoped-C/C++ model in Figure 5a [25] provides non-
atomic load and store accesses, similar to weak PTX accesses.
Conversely, scoped-C/C++ provides atomic read, write, RMW,
and fence accesses, with memory orders and scopes, like the
strong PTX accesses. Unlike PTX, however, scoped-C/C++
also provides SC memory accesses. Thus, the memory or-
der for the read, write, RMW, and fence accesses is one of
{NA, RLX,ACQ,SC}, {NA, RLX, REL, SC}, {RLX, REL, ACQ, AQRL, SC },
and {REL, ACQ, AQRL, sc}. Scoped-C/C++ provides the same
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hb;eco” is irreflexive (Coherence)
rmw N (fr;co) =0 (Atomicity)
(ms N psc) is acyclic (SC)

where
%[ Warex];((ms N rf);rmw)*

=loc

[Earec];([Flipo)’srseq;(ms N rf);

rseq = [W];po

1>

SW
[RQRLX];(pO;[F])?;[EQACQ]
hb £ (poU (ms N sw))*
scb = po U (poy.;hbspo,,.) U hbojoc U co U
pscb £ ([Esc]U[Fsc]shb?)sschi([Esc]Uhb™;[Fsc])

pscf = [Fsc];(hb U hb;
psc = pscb U pscf
(a) scoped-C/C++ model [25] (without No-Thin-Air)

;hb)§[Fsc]

C/C++ ARM PTX C/C++ ARM PTX

sco Sys $C0.[ {SCO sco Sys sco
1Y R, IS, 1Y 1,
sco Sys SCO. < +SCO sco sys sco
Stsc St|_ FSC ’StREL StREL StL StREL

(b) Mapping of SC accesses. (Full mapping in Appendix B.4)

Figure 5. The scoped-C/C++ formal model [25] and its map-
ping of SC accesses to ARM and PTX [25, 40].

memory scopes as PTX and defines the scope-inclusive rela-
tion, which is the same as the morally-strong relation [25].

Relations. Scoped-C/C++ defines the synchronizes-with (sw)
relation between release and acquire events. The transitive
closure of po and morally strong sw creates the happens-before
(hb) relation. Scoped-C/C++ adopted psc, pscb, and pscf re-
lations from RC11 [20], extended with scopes, to order sc
accesses — unlike the explicit sc order in PTX.

An execution has a heterogeneous race if it contains a pair
of concurrent events on same memory locations, at least one
of them is a write, and the event pair is not morally-strong.
Any program with a data race (like in C/C++) or heteroge-
neous race has undefined behavior.

Axioms. The (Coherence) axiom ensures that hb is acyclic
or a pair of same-location hb-related events and eco relation
agree. The (SC) axiom ensures that the morally-strong psc
relation remains acyclic. (Atomicity) ensures that a pair of
rmw-related events has no intermediate write on the same lo-
cation. We drop the (No-Thin-Air) axiom from scoped-C/C++
[25] as GPUs exhibit poUrf cycles 2, 19, 22].

3.3 Mapping from scoped-C/C++ to ARM and PTX

Proposed mapping schemes of the scoped-C/C++ accesses to
ARM and PTX are in Figure 5b (extended in Appendix B.4),
defined by Sewell [40] and Lustig et al. [25] respectively. A
scoped-C/C++ load (Id), store (st), atomic update (U), and
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fence (F) accesses are mapped to the respective accesses in
ARM and PTX with the respective memory order and scopes.

ARM mapping schemes. For the ARM mapping, all gener-
ated accesses are of sys-scope. Notably, C/C++’s load-acquire
(Idsco) maps to an ARM load-acquirePC (Id2)°), while a load-
SC (Idsc) maps to an ARM load-acquire (Id, Oy ), because the
latter orders stronger with preceding store- release (stsl_ys) in-
structions, which are mapped from C++ sc-store (stsc) and
release-store (stgg,) instructions. An acquire fence (Foco) maps
to an ARM load fence (F}};), while a release fence (Fgg) maps
to an ARM full fence (F,;). The mapping of other instructions
is straightforward.

PTX mapping scheme. For all accesses, the memory scope
remains the same. The scoped-C/C++ non-sc memory ac-
cesses and sc-fences are mapped one-to-one to accesses in
PTX. The sc accesses follow a leading scheme — an sc-load,
-store, or -update access will generate an acquire-load, release-
store, and acquire-release update access respectively, with a
preceding (i.e. leading) sc-fence.

4 Deriving an ARM-PTX Concurrency Model

We now derive a sound concurrency model for heterogeneous
ARM-PTX systems. Our goal is to define a model satisfying
two competing requirements: it must be (1) strong enough
to ensure correct compilation from the scoped-C/C++ con-
currency model defined in Figure 5a, yet (2) weak enough
to capture the behaviors of real systems. We identify the re-
quired ordering rules in a principled, step-by-step manner,
guided not only by the formal requirements of the source
model but also by architectural properties of GPU coherence
protocols that inform what the hardware naturally enforces.

4.1 Architectural Background

Axiomatic memory models are defined over threads and scopes,
abstracting over how scopes are realized in the memory hierar-
chy. Tojustify our proposed model, we sketch the architectural
intuition behind scoped GPU coherence and its connection
to the CPU. While the microarchitectural intuition is based
on the NVIDIA GPUs we evaluate (Section 6), our model does
not hinge on these exact details, and future microarchitec-
tures may realize the model differently. GPUs expose a scoped
thread hierarchy. Threads within a scope traditionally share
a common serialization point in the cache hierarchy: CTA-
scoped threads share the L1, GPU-scoped threads share the
L2, and system-scoped threads are connected via a coherent
interconnect such as AMBA CHI [5]. Unlike CPU L1s, GPU
L1s are not kept coherent by writer-initiated invalidations—a
write to an L1 does not automatically invalidate copies in
other L1s. Instead, GPU protocols rely on write-through and
self-invalidation [27]. A GPU-scoped release ensures all prior
writes have been written back to the L2 before the release
completes. A GPU-scoped acquire self-invalidates the L1, forc-
ing subsequent reads to observe the latest value at the L2. A
system-scoped release additionally flushes prior writes to
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(a) Scoped-C/C++ execution
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(b) PTX execution

Figure 6. Execution of the source scoped-C/C++ and the
generated PTX programs from Figure 3. The source scoped-
C/C++ execution forbids the outcome a=b=1, c=0, X=2but the
PTX execution allows it (under the pre-existing PTX model).

the CPU-GPU coherent interconnect, making them visible to
CPU threads. sc-fences extend this mechanism: an sc-fence
synchronously flushes all prior writes to its scope’s serializa-
tion point—a CTA-scoped fence to the L1, a GPU-scoped fence
to the L2, and a system-scoped fence to the entire system. The
flush completes before any subsequent operation proceeds.
This scoped, synchronous propagation is the architectural
property that underpins our formal model: it naturally pre-
serves coherence-order (co) and from-read (fr) edges across
barriers, which is precisely what our strengthening exposes.
Note that recent and future GPU microarchitectures may not
adhere to the above sketch in every detail. Even on the GPUs
we evaluate, the L2 is physically partitioned; in multi-die de-
signs such as NVIDIA’s B200, it spans dies and need not be a
single serialization point. The programming model, however,
is unchanged: NVIDIA GPUs continue to expose scopes, and
both the official PTX model and ours are defined at that level.

4.2 Revisiting the PTX mapping example

Consider the executions in Figure 6 of the programs in Fig-
ure 3. The scoped-C/C++ execution contains a (ms N psc)
cycle as follows, where ms holds for all pairs below.

o (e1,62) € [Esc]shbojoc;[Esc] € [Esclsseh;[Esc] € psc

o (es,e3) € [Esc];p0;[Esc] € [Escliscb;[Esc] € psc

o (e3,e4) € [Egc]sco;[Esc] € psc

o (eye7) € [Esc]§P0¢|0c§hb;P0¢|oc;[Esc] C [Esclssch;[Esc] € psc
o (e7,e1) € [Esc]sf13[Esc] S psc

Now, consider the leading-fence mapping and the correspond-
ing PTX execution graph. This execution is (incorrectly) al-

lowed in PTX; Although it contains a cycle e¢; £2%¢,¢5 ©y¢,

2958, e; Ly eq, the existing PTX axioms are not strong enough
toforbidit. Thisisbecause the p; and p; fences are not morally-
strong (ms) and cannot establish an sc-relation. Hence, the
target program allows the outcome a=1, b=1, c=0, X=2, and

the compilation is thus incorrect.
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Figure 7. Executions of the example programs in Figure 2.
scoped-C/C++ forbids the outcome a=1, b=0, c=1, d=0. ARM-
PTX must thus also forbid the outcome in the target execution
to ensure correctness of the existing mapping schemes.

4.3 Revisiting the ARM-PTX mapping example

Now we revisit the example from Figure 2 with executions
from PTX and ARM-PTX shown in Figure 7, following the
respective formal models.

Scoped-C/C++. The execution in Figure 7a is forbidden in
scoped-C/C++ (Figure 5). As all events are sys-scoped, all rela-
tions are ms, violating the (SC) axiom with the (ms N psc) cy-
cle: e:55e4 65 es5eq, where s 2 po..; hb; po,,. € sch.
PTX. The execution is in Figure 7b. Following the PTX model
inFigure 4b, (e, es) € cause: e; P% e, Y565 PO, p, SCEIW, 1y PO, o0
Finally, with (eg, e;) € fr the (Causality) axiom is violated,
thus forbidding the execution.

ARM-PTX. In the ARM-PTX execution in Figure 7c, where
the first three threads are on PTX and the last thread on ARM,
relations e; £2%¢,¢, and e, e5 hold. Also, assuming (e, e7)
establishes a global synchronization in ARM-PTX, the execu-
tion has a causality relation from es to es. The execution has
a 61%84—)65%63—>€1 CYC].C.

Compared to the PTX execution in Figure 7b, a subtle dif-
ference is that the PTX execution has an explicit fence ps
followed by the R,c, event es. However, this ARM-PTX exe-
cution has no explicit fence in Ty, instead it has an Ra event
in eg. Consequently, unlike the p, 5 pg edge in the PTX exe-
cution, this ARM-PTX execution does not have any sc order
from T, to Ts. Hence, if we directly apply the PTX axioms, the
ARM-PTX execution is allowed. Therefore, to ensure correct
mapping from scoped-C/C++ to ARM-PTX, we must derive

stronger ordering constraints for ARM-PTX.
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This requirement raises an appealing solution: treat Ry asa
full fence and create a global sc order. However, this is impracti-
cal: it would require the ARM subsystem to receive and inter-
pret GPU fence events over the coherent interconnect, stalling
its local pipeline until the remote fence completes. This vio-
lates the architectural abstraction boundary—the ARM core’s
pipeline and coherence protocols should be designed around
the ARM ISA, with no awareness of GPU-internal events.

4.4 Insight 1: The Missing Links: co and

Following the ARM-PTX execution in Figure 7c, the key in-
sight lies in identifying the relations that are “lost” in the
mapping from the source. In the source execution (Figure 7a),
the fr relations (e4, e5) and (es, e;) are both part of psc, which
forbids the execution. However, in the original PTX model,
the corresponding fr relation between the non-SC events (e.g.,
es—ses)doesnotimply any causality order. The model relies on
the explicit PTX SC fences, p4 and pg, to enforce the ordering.

Hence, our PTX model includes fr relations in the global
ordering, for instance, ¢, s e5, independent of the SC fences. It
is also required that the es e, relation between the ARM and
PTX accesses is a part of this global ordering. Thus, the inclu-
sion of fr restores the complete cycle in the heterogeneous ex-
ecution: e; £245¢, | e, awsel  ie,. Thus our new model
forbids eg to read 0, restoring soundness.

In addition to the fr relation, we also add the co relation as
part of the global ordering. To understand the reason, consider
a small change in the original C program (Figure 7a): replace
the load on Z from T; (event e,) with a store to Z. The same
logic applies: this would change the critical e, e5 edge to a
co edge. Ensuring this variant compiles soundly requires also
adding co to the global ordering.

Note that the scoped-C/C++ model requires acyclicity of
(ms N psc)—only morally-strong edges participate in the
SC ordering. Accordingly, our model only requires morally-
strong co and fr edges to be ordered. However, as we show in
Section 4.5, these edges cannot simply be added to the existing
cause relation—doing so would forbid observable non-MCA
behaviors such as IRIW. Instead, morally-strong co and
must participate in a new, weaker ordering, derived from the
remaining insights and formalized as prop in Section 5.

This strengthening (morally strong co and fr) is architec-
turally grounded. As discussed in Section 4.1, GPU writes
serialize at a common scope-level serialization point (e.g.,
the L2 for GPU scope), and the synchronous propagation en-
forced by barriers ensures that barrier-ordered predecessors
are visible before their successors. Morally-strong co and
edges across barriers are therefore already respected by GPU
coherence protocols—our model simply formalizes what the
hardware naturally enforces.

4.5 Insight2:Full co U

While the co and fr relations are needed to forbid the un-
sound execution in Figure 7c from Insight 1 (Section 4.4),

Is Too Strong
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a naive strengthening—for example, simply forbidding all
(cause U co U fr) cycles—is too strong.

We demonstrate this using the IRIW-RA (Independent-
Read-Independent-Write-Release-Acquire) example in Fig-
ure 8. The execution with outcome a=c=1, b=d=0 is allowed
in the non-MCA models, including PTX, and is empirically
observable on PTX hardware. However, the shown execution
contains a (cause U fr) cycle: e; 245 e5 e AUCo. e as
e1 Y e,, implying e; 2% e, and e 2%, e4, implying e, 29 s,

Hence, a model that simply forbids all (cause U co U fr)
cycles would incorrectly disallow this valid, observable behav-
ior. We must derive a weaker, more nuanced order that allows
this execution while still preserving the orderings required
for ensuring soundness of the existing mappings in Figure 5.
More specifically, the PTX and the ARM-PTX model must
have enough ordering constraints such that if a scoped-C/C++
model forbids an execution by an ms N psc ordering, then the
mapped execution in PTX and ARM-PTX is also forbidden.

X=Y=0; [X =Y =0]
X=1|la=X][c=Y ||[y=1] & Waa(X,1) € :Wm(Y, 1)
\
b=Ylld=Xx t’f\\4 rf
€: RACQ(Xs 1)7eq: ACQ(Y 1)
es: RACiQ(Ya 0) €s5: RACiQ(Xy 0)

Figure 8. IRIW-RA program (with release-writes and acquire-
reads) and its a=c=1, b=d=0 execution. (All sys-scoped)

4.6 Insight 3: A Scope-Aware Ordering for SC Fences

We now address a parallel challenge: how to correctly relate
sc-fences (Fsc). A naive,‘scope-blind” rule—e.g., one that im-
poses a total order on all F. fences—is too strong and does not
match the hardware. We show this with the IRTW-F (fence-
based) example in Figure 9 where the observed behavior on
PTX hardware depends entirely on the scope k of the fences:
o If k = sys or k = gpu, the execution is forbidden.

o If k = cta, two scenarios are possible:

(1) If the threads (T3, T3) are in the same CTA, the execution

is forbidden.

(2) If they are in different CTAs, the execution is allowed.
A naive model that orders all Fy. fences would incorrectly
forbid case (2). Our model must be precise enough to allow
this empirically observed behavior.

Wi (X, 1)~»Ri¥2(x,1> iYSQ(Y n<Towr vy
\

P1: Fécc p2: Fécc

sysi sysi'

ACQ(Y 0) ACQ (X 0)

Figure 9. Execution graph of IRIW-F program with outcome
a=c=1, b=d=0.
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Instead of adopting the primitive sc relation from the orig-
inal PTX model, we construct a new sound Fg.-ordering from
first principles. We adopt a weaker variant of pscf from the
scoped-C/C++ model (Figure 5) itself; specifically, we consider
only the contained morally-strong rf, fr, and co edges — this
is sufficient to ensure soundness. By requiring that our final
SC ordering includes the (ms N pscf) relation, we precisely
capture the hardware’s behavior. In the example of Figure 9:
o Case (1) - same CTA: The threads are in the same scope, so

the fences p; and p, are morally-strong. This createsa (msN

pscf) cycle between p; and p,, forbidden by our (SC) axiom.
e Case (2) - different CTAs: The threads are in different CTAs,

so the fences are not morally-strong. So, the execution con-

tains no (ms N pscf) cycle, correctly allowing the execution.
Thus, adopting (msNpscf) isakey part of our model, ensuring
soundness, yet weak enough to capture hardware behavior.

4.7 Insight 4: Write Propagation

The ordering rulesidentified so far—namely, including morally
strong co and fr (from Section 4.4), and the scope-aware fence
relation (ms N pscf) (from Section 4.6)—do not suffice to pre-
serve the scoped-C/C++ to PTX mapping. Consider the pro-
gram in Figure 10a. The scoped-C/C++ execution with out-
come a=c=1, b=d=0 in scoped-C/C++ has a ms N psc cycle in
Figure 10b, and thus is forbidden:

hb_joc po hb; hb_joc hb;
e —— ey — e3 — eg — es P%e0 ——> ¢y

To ensure the correct mapping, our PTX and ARM-PTX mod-
els must also forbid this execution in the target program. The
fences are cta-scoped and are in different CTAs. Hence, the
(ms N pscf) relation from Section 4.6 does not apply.

To derive the required ordering, we must formally model
this “propagation” of writes, but without naively adding full
causality (which Section 4.5 showed is too strong). We follow
the architectural intuition: the write e; (W (X, 1) ) from T
propagates to Ty, and is observed before e; ( F$? ) in T;. That
fence e; flushes this propagated write to all of the threads
within the scope. Hence, this write is propagated before the
fence e5’s (ms N hb;fr) successor: es (Wer (Y, 1) ). Thus, e; in
T, propagates before eg in T;. By the same argument, eg in Ty
propagates before e, in T;. These propagations create a cycle
which we must forbid in PTX and ARM-PTX.

The ordering of writes following the propagation order
along hb combined with other relations aligns with architec-
tural intuition, as discussed in Section 4.1.

5 Formalizing the PTX and ARM-PTX Models

We now assimilate the insights from the previous section to
formally define our new PTX model, and then compose it with
the existing ARM model to define the sound ARM-PTX model.

5.1 Proposed PTX Model

We define the modified formal model for PTX in Figure 11.
We remove the original, flawed sc fence-ordering relation; a
key difference from the existing model in Figure 4b [25]. We
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(a) Program mapped from scoped-C/C++ to PTX
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(b) Corresponding executions for outcome a=c=1, b=d=0.

Figure 10. Program mapped from scoped-C/C++ to PTX with
its executions, with ngas in different CTAs.

replace the original (FenceSC) axiom with our new (SC) ax-
iom defined on our unified propagation relation, prop, which
is a culmination of the insights from Section 4.

Relations. We define the relations for our new model in Fig-

ure 11. First, we have removed the Usc component from the

sw relations. The core of our new model is the unified prop-

agation relation (prop), which is “home” for all the ordering

constraints we derived. The formal definition is composed of

several cases that capture the full propagation chain:

e Case la. (ms N ([Fsc];hb);(ms N ca)) links a Fy to a hb-
successor that propagates before a W-successor, following
a subsequent co or fr edge — the Fsc and W being morally
strong (Insight 4).

e Case 1b. (ms N ca) captures the subtle ordering demanded
by morally-strong co and fr edges (Insight 1).

e Case 2.(ms N pscf) links the scope-aware sc-fences, cover-
ing the case where the source F chains to another morally-
strong Fyc (Insight 3).
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Definitions
prel = ([Warelipo_sIWD) U ([Farec]ipos[W])
pacq = ([R];po_,7s[Raace]) U ([R];p0;[Faace])
£ (ms N rf) U (obs;rmw;obs)
sw = (ms N (prel;obs;pacq)) Y-se

2(msn (rfUcoUfr))*

II>

hb £ (poUsw)*

caz coU

[Fsc];th ;th[Fsc]

1>

pscf

>

prop 2 (ms N ([Fsc];hb)?;(ms N ca)) U (ms N pscf)

U hb;[Eages] U hb’;sw
Axioms

? . . o
hb;eco® is irreflexive.

{Causality) (Coherence)

((ms N fr);(ms N co)) N rmw is empty. (Atomicity)
(PO U (ms N (rf U co U fr))) is acyclic. (SC-per-loc)
(rf U dep) is acyclic. (No-Thin-Air)
prop is acyclic. {FeneeSE) (SC)

Figure 11. New PTX model. Changes from the original are
marked with green boxes .

e Case 3. (hb;[Eopg]) links events along a hb-chain leading
up to a flushing event JREL (Insight 4).

e Case4.(hb’;sw) captures the propagation fromthat flushing
event JREL via a sw edge (Insight 4).

While cases 1a and 2 both start with a fence, pscf also ends

in one, allowing it to order across weaker intermediate edges

(eg. W5 Rpix) on the path. Appendix C.2 further explains

why each prop-case is needed for the scoped-C/C++ mapping.

Axioms. We preserve three axioms from the original model.

Our key changes are twofold:

o We replace the original (Causality) axiom with an updated
(Coherence) axiom, where hb; ? is irreflexive.

e We replace the original (FenceSC) axiom, defined on the
old sc relation, with our new (SC) axiom, where prop must
be acyclic. This is the cornerstone of our solution.

5.2 ARM-PTX

We now define the final heterogeneous ARM-PTX model by
composing our new PTX model with the standard ARM model.
In the ARM-PTX model, an execution contains both ARM and
PTX events, and relations between them. This composition,
defined in Figure 12, involves “globalizing” the key relations
to handle inter-processor synchronization and ordering.
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Definitions

pOSCARM £ [Fyulspo U pos[Fun] U [Ra U RQ];PO

U po;[WiL] U [Wi];pos[Ra]
poscPTX [Eagrec];po U po;[Eape]
gprel = [Wage U W ]ipo_, 75 [W]
U [Fare U me];POQ[W]

gpacq = [R]§p0=|oc?§[R2ACQU Raql
) [R]§P0;[F2ACQU FQRM]
gsw = ms N (gprel;obs;gpacq)

ghb £ (gob U posc U po’;gsw;po’)*
where gob £ rfe;ob and posc £ posc®™ U poscPT™*
gprop £ (ms N ([Fse U Fyylighb)’s(ms N ca))
U (ms N gpscf) U ghb;[B] U (po U gsw)™;gsw
where B £ Eoqpgr UWL U Fyy U RA
gpscf = [Fsc U Fy]sghbseco;ghb;[Fse U Fyyl

Axioms

(ghb;eco?) is irreflexive. (Coherence)
((ms N fr);(ms N co)) N rmw is empty. (Atomicity)
(po_jec YU (ms N (rf U co U fr))) is acyclic. (SC-per-loc)
(rf U dep U dob) is acyclic. (No-Thin-Air)
gprop is acyclic. (SC)

Figure 12. Our ARM-PTX Memory model.

Definitions. We create global versions of the relations, such
as gsw and ghb, which combine the respective relations from
both models. Crucially, our final unified propagation ordering,
gprop, is built using the same principles we used to derive
prop in the previous sections.

We define the global release and acquire patterns, gprel and
gpacq, based on the release (REL), acquire (AcQ), or stronger
(sc) accesses in PTX, and release (L), acquirePC (Q), acquire
(A), or stronger (sc) accesses in ARM. Based on gprel and
gpacqrelations, we define the global-synchronizes-with (gsw)
relation that can synchronize ARM and PTX events.

We combine the orderings in ARM and PTX to define the
global-happens-before (ghb) relation. Relation ghb consists of
the ordering relations in ARM and PTX, posc*f™ and poscPT™*
respectively, along with their interactions by gsw and global-
ob relation (gob). The posc®™ orders a full fence with its
po-predecessor and po-successor events, acquire (Ra) and ac-
quirePC (Rq) events with their po-successors, release writes
(W) with their po-predecessors, and release-write (W) with
a po-successor acquire-read event (Ra). The posc” ™ orders
arelease or stronger PTX event with its po-predecessor and
po-successor events; note that those po-orders appear only
inside ghb, and thus do not enforce those po-orders beyond
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cases including ghb. The global-ob relation extends the ob
relation in ARM with the rfe relation from PTX write events
in order to effectively “bridge” to PTX. If event pair (r, a) in
ARM is in ob relation and event r reads from a PTX write
event w, then w&bm holds.

Our global-pscf relation (gpscf) orders full fences in ARM
and PTX. We obtained gpscf from scoped-C/C++, uniquely al-
lowing us to consider the scopes of fences, as gpscf only orders
when morally-strong (ms) — no other definition captures this.

Finally, we define the global-prop relation (gprop) to cap-
ture propagation-based ordering between ARM and PTX
events based on the intermediate events in set B. Relation
gprop judiciously combines ghb, gpscf, co, and fr to establish
the order for a non-MCA memory model in the presence of B
events without forbidding the non-MCA executions observed
on real hardware — similar to prop in PTX. The gprop rela-
tion preserves the order between the accesses generated from
scoped-C/C++ sc accesses, ensuring the mapping schemes
remain correct when mapping scoped-C/C++ to ARM-PTX.

Axioms. The ARM-PTX axioms are similar to those of PTX,
with global orderings when applicable. For instance, the (Co-
herence) axiom is defined based on ghb relation. The (Atomic-
ity), (SC-per-loc) axioms remain the same. The (No-Thin-Air)
axiom includes dependency ordering restrictions, dep and
dob, in PTX and ARM, respectively. The axiom (SC) is defined
by the acyclicity of the gprop relation.

5.3 Mapping correctness

Our heterogeneous ARM-PTX model (Figure 12) is sufficiently
strong to map from scoped-C/C++, for which we prove the
existing mappings stated in Figure 5b (and Appendix B.4). Al-
though those schemes already mapped to ARM, the mapping
to the original PTX model was incorrect (Section 4.2). For our
new PTX-only model that mapping is now correct and, more
importantly, only with our compound model can we correctly
combine the mappings to ARM and PTX.

For PTX threads, we split Ric® and W° events into a R,
and W32 with pojmm-preceding F, respectively. On ARM
threads, those same accesses map to Rf\ys and Wf_ys. Intuitively,
the mapping is correct because it does not introduce any new

behavior, formally stated by Theorem 1.

» Theorem 1 (Correct Mapping). The mapping scheme
(Figure 5b) generates an ARM-PTX program P; from any
given scoped-C/C++ program P;. That scheme is correct
because for every ARM-PTX execution of P; there exists
a scoped-C/C++ execution of Ps with the same behavior.

Proof Overview. Given any ARM-PTX execution ofamapped
program, which satisfies its five axioms (Figure 12), we show
that any execution of the source scoped-C/C++ execution
satisfies its three axioms (Figure 5a). We prove Theorem 1 by
contradiction. For each scoped-C/C++ axiom, we show that
its violation necessarily violates an ARM-PTX axiom—which
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we assumed was satisfied—meaning that the violation is im-
possible. Here, we give the high-level proof sketch for the
most challenging scoped-C/C++ axiom: (SC).

We map scoped-C/C++ ‘msNpsc’ to our ARM-PTX gprop,
which is disallowed by (SC). We must analyze many cases;
notably, the case [Fs.];hb?;sch;[RscUWsc] € psc where the
final Rgc or Wi splits on PTX, is challenging. The order is not
preserved when the leading F. is outside the chain (e.g., as
in Figure 7). We must then combine multiple psc edges into
a single gprop along the mapping.

Mechanized Proof. We mechanize our proof of Theorem 1 in
the Agda proof assistant [1] using the Burrow weak memory
proof framework [41], totaling over 4,000 lines.

6 Experimental Evaluation

To understand the implementation of current hardware and
to test whether our proposed model is accurate with respect
to observed behaviors, we execute 1306 litmus test variants
on three NVIDIA GPU architectures and four machines: Am-
pere (A100), Hopper (H100 and GH200), and Blackwell (GB10).
The A100 and H100 are discrete GPUs, while the GH200 and
GB10 contain NVIDIA’s specialized “Superchip” architecture,
which integrates the GPU with an ARM-based CPU.

Our testing campaign focuses exclusively on GPU-only
(PTX) executions, even on the heterogeneous GH200 and
GB10. This is a deliberate methodological choice. Our formal
analysis in Section 2 demonstrated that the soundness failures
in both the homogeneous PTX case and the heterogeneous
ARM-PTX case stemmed from the exact same root cause: the
original PTX model treating sc-fences specially, unlike other
primitives. The heterogeneous failure was merely a symptom
of this subtle PTX flaw. Therefore, the most critical empirical
questions are:

1. Do the existing compilation of the flawed scoped-C/C++
programs show weak behaviors?

2. Does the PTX hardware actually support our proposed
strengthening (i.e. does it enforce co and fr as part of its SC
ordering)?

3. Is the hardware actually non-MCA, making our surgical
fix necessary?

We answer these questions directly with the PTX-only testing
campaign. To be clear, a full-blown cross-processor litmus
testing showing our proposed globalizations of the causality
and the SC relations are in fact sound with respect to hard-
ware is a useful research endeavor. However, developing a
robust, cross-processor (CPU+GPU) litmus test harness that
can reliably expose weak behavior is a significant engineer-
ing challenge for future work, and our PTX-only validation
is sufficient to confirm the central thesis of our paper. Our
experimental evaluation reveals three key insights:

1. None of the litmus tests showing flaws in the existing het-
erogeneous compiler composition (Figure 2) or homoge-
neous PTX compilation (Figure 3) exhibit the specified
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Table 1. Number of variants generated for each litmus test
(total of 1306 variants).

Paper Examples co/ fr Tests MCA Tests
Test Variants  Test Variants
Figure 2¢ 2 242w 32 iriw 240
Figure 3 2 32w 160  isa2 230
z26-3 160 rwce 110
wrc 110

WIwW+2w 110
wwe 150

weak behaviors when running all threads on the GPU,
meaning that GPU hardware today is likely strong enough
to support our sound model.

2. Running litmus tests such as 2+2w, 3.2w, and z6-3 show
empirically that hardware does enforce SC-ordering for
the co and fr relations, validating the strengthening of the
PTX memory model.

3. The more recent NVIDIA Hopper architecture H100 GPU
does exhibit non-multi-copy atomic (MCA) behaviors even
when memory accesses are as strong as release and acquire,
showing that the surgical strengthening of the model is
necessary to both restore soundness and allow behaviors
visible on hardware.

6.1 Testing Setup

Litmus tests are small, concurrent programs that can be used
to show empirically MCM behaviors on real hardware, both
for CPUs [3] and GPUs [2]. We generate a suite of litmus tests
to check whether existing hardware conforms to our model;
specifically, our tests are either the examples highlighting
deficiencies in existing models, or variants of litmus tests de-
scribed in prior work [37]. These existing tests are used either
to check whether co and fr preserve SC-ordering (2+2w, 3.2w,
z6-3), or check whether hardware is MCA (iriw, wrc, isa2,
Irwc, Wwe, Wrw+2w)?,

Each litmus test base is a template that we instantiate in
several ways. First, we systematically generate variants of all
six tests by enumerating combinations of memory orders that
exhibit certain characteristics of the model proposed in this
paper. For tests like 2+2w or z6-3, this means strengthening
memory orders to RELin order to show that co and fr are empir-
ically part of SC-ordering. For MCA tests, this means strength-
ening memory orders up to but not including sc-fences, to
determine whether the model still allows non-MCA behaviors
under relatively strong REL and AcQ memory orders. As an
example, for iriw the first read on each thread can be Acg, or
left as RLX with an AQRL fence inserted between the two reads.

Next, for each base variant, we generate a set of scoped
variants with a scope of either cta or gpu, with the constraint
thatall accesses are at the same scope sco, and all fences are at
the same scope scoy. Additionally, we generate variants for all

2We show each of these litmus tests in Figure 18 in the appendix.
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possible combinations of cooperative thread array groupings.
For example, iriw, which consists of four threads, has 15 pos-
sible groupings, e.g., all threads in the same CTA, all threads in
separate CTAs, etc. Along with the strengthened versions of
each test, we include relaxed variants which contain no fences
and only relaxed memory orders. Overall, our systematic gen-
eration leads to 1306 litmus test variants, with the breakdown
per test shown in Table 1. To verify the intended behavior, we
checked each variant against both the published Alloy PTX
model [25] and an Alloy version of our sound PTX model. We
find that the sound PTX model disallows more variants (108
vs. 98 in the original PTX model), and no disallowed variants
had observable weak behaviors on hardware®.

Along with these tests, we also compared whether the ex-
isting PTX and our proposed model allows weak behaviors
for 96 variants of three common litmus tests found in the liter-
ature: message passing, load buffer, and store buffer. Previous
work has shown that these tests’ weak behaviors commonly
occur on GPUs [22]. This comparison showed that the models
are equivalent with respect to these variants of the load buffer
and message passing tests, but our model allows one more
variant of store buffer than the original PTX model. This test
is shown in Figure 17 and discussed in Appendix C.3.

6.2 Testing Techniques and Efficacy

Naive executions of litmus tests, e.g., simply running one set
of threads that execute only the litmus test instructions, are
unlikely to show weak behaviors even if they are possible
on the hardware. Previous work on GPU litmus testing has
explored various techniques that stress the memory system
to increase the chances of seeing weak behaviors [19, 23]. We
port these stressing techniques and adapt them to support the
new types of litmus tests run in this paper, including our three
and four-thread SC-ordering and MCA tests which previous
GPU work has not tested thoroughly.

Along with stressing techniques, we also adopt a mutation
testing approach from previous work, which allows us to eval-
uate the efficacy of the techniques [23]. Under this approach,
litmus test variants that allow weak behaviors are run first
in order to find effective stress configurations, after which
the strengthened variants are run using these configurations.
We apply this approach using the 106 relaxed variants of the
litmus tests in Table 1. We observed weak behaviors for 70 of
these variants on all GPUs except the GB10, where one vari-
ant of Figure 2c with all relaxed accesses was not observed.
The other 36 relaxed variants where no weak behaviors were
observed either run all or certain sets of threads in the same
CTA, indicating that the conditions which lead to reordering
at this level of the cache hierarchy occur more rarely and are
harder to trigger.

3A detailed breakdown of allowed and visible tests is shown in Table 2 in the
appendix.
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6.3 Testing Campaign and Insights

We run our litmus test variants on the A100, H100, and GB10
for 24 hours each, and on the GH200 GPU for 6 hours (due to
difficulty in getting access to one), leading to a total of over
10 trillion test executions and over 700 million weak behavior
observations. Based on these observed results, we discuss
three main insights:

Insight A: Behaviors allowed due to deficiencies in cur-
rentmodels are not observable. Thelitmus test described in
Figure 3 shows a behavior that is disallowed in scoped-C/C++
but allowed in the compiled PTX program using the leading-
fence mapping. However, our testing campaign revealed no
observations of this behavior, indicating that the flaw is likely
not in the compilation strategy or in the implementation of
the hardware, but rather in the PTX model itself. Therefore,
strengthening the PTX model and disallowing this behavior in
the program accurately represents real hardware while restor-
ing soundness to scoped-C/C++ to PTX compilation schemes.

Similarly, we test the litmus test shown in Figure 2c with one
small difference—we elide the SC fence in T4 to emulate the
heterogeneous context (recall that an actual heterogeneous
test would lack the SC fence if T4 were an ARM thread.). We
observe that the behavior shown is indeed disallowed. This
shows that the current NVIDIA hardware already disallows
the outcome without the crutch of SC fences, instead relying
on co and fr edges, vindicating the core hypothesis of the pa-
per. Next, we independently test whether co and fr relations
are empirically part of SC-ordering.

Insight B: co and fr relations are empirically part of SC-
ordering. The 2+2w and 3.2w litmus tests, with memory
orders strengthened to REL and AcQ, check whether writes
can be propagated in ways that break the SC-reasoning nec-
essary for defining our sound model. The z6-3 litmus test
checks whether this SC-ordering composes with hb-ordering,
which was enforced in an initial version of our model but
relaxed when it became clear it was not necessary to support
sound compilation. On all of the machines we tested, we did
not observe weak behaviors when running strengthened vari-
ants disallowed under our model, empirically validating the
inclusion of co and fr in SC-ordering in our new PTX model.
Importantly, initial versions of the strengthened model dis-
allowed weak behaviors in variants of all three of these tests
which were observed on the machines we tested, leading the
model to be refined so it was weak enough to accurately repre-
sent the behavior of real hardware. Similarly, weak behaviors
in strengthened z6-3 variants were not observed despite them
being allowed by the model, showing that there is still room
to develop refined models that more closely match actual
hardware implementations.

Insight C: Non-multi-copy atomic behaviors are observ-
able. For the MCA litmus tests, weak behaviors are extremely
common when all memory orders are relaxed. However, un-
like in the ARM memory model, where the execution shownin
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Figure 8 (with accesses strengthened to REL/ACQ) is disallowed
due to the strong MCA requirements, it is observed on the
H100. These observations are extremely rare; in our test cam-
paign they occurred in less than one in a million executions,
even with the effective stress configurations that readily cause
weak behaviors with relaxed accesses. This rarity highlights
the importance in both carefully defining the PTX memory
model and in rigorously testing it, as behaviors occurring this
rarely could be difficult to diagnose in an application relying
on an incorrectly strengthened memory model.

7 Related Work

Compiler mappings of weak memory primitives. Cor-
rect compilation of C/C++ concurrency primitives to archi-
tectures like x86, Power, and ARM (Armv7, Armv3 or later)
is a widely studied problem [4, 8, 10, 11, 18, 21, 33, 34, 36-40].
A particularly subtle issue is the mapping of C/C++ Sequen-
tially Consistent (SC) accesses. Manerkar et al. [26] identified
key miscompilation errors for SC on ARM and Power. This
led to foundational work by Lahav et al. [20] on the com-
plexities of SC mappings, which proposed the “leading-fence”
and “trailing-fence” schemes and helped evolve the C/C++
language semantics to enable provably correct mappings [7].

For GPU architectures, this body of work was extended by
Lustig et al. [25], who applied the “leading-fence” mapping to
the NVIDIA PTX model and provided a mechanized proof of
its soundness. These fence-splitting mappings form the PTX
ABI for C/C++ [30]. We demonstrated the mapping relies on
an unproven fence-splitting transformation—converting SC
accesses to a fence-plus-weaker-access—which we show is
unsound in the presence of scopes.

Heterogeneous memory models. Heterogeneous memory
consistency models result from the interaction of multiple
concurrency models via shared memory. Oswald et al. [32]
propose a heterogeneous memory model that combines MCA
memory models. In contrast, we combine an MCA (ARM)
and a non-MCA (PTX) model, which is significantly more
challenging. Other work has combined C/C++ with x86 non-
temporal accesses [12] and x86 with FPGAs [17].

The most closely related work is from Goens et al. [15],
who compose x86 and PTX models. They propose both oper-
ational and axiomatic heterogeneous models and, based on
their axiomatic model, a trailing-fence mapping for scoped-
C/C++. However, their x86-PTX model achieves soundness
by treating x86 reads as full fences, creating an explicit sc
order between PTX fences and x86 reads. While this “sledge-
hammer” approach achieves soundness, this design choice
unnecessarily strengthens the model, as noted in Section 4.3.
In contrast, our ARM-PTX model is surgically developed (tak-
ing inspiration from Goens et al. [15] operational approach),
to restore soundness without being overly strong, allowing
it to match the observable behaviors of real hardware.

Models alternative to PTX are the Heterogeneous Race Free
(HRF)lineage [13, 16] and their adoption in HSA [31]. “Morally
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strong” is NVIDIA’s PTX terminology for its scope-matching;
scoped-C/C++ and HRF-Relaxed use a scope-inclusionrelation
for the same purpose. The distinguishing feature of PTX is
therefore not this predicate but its special treatment of sc-
fences. The HRF lineage also sits at a different layer: it is a
language model and does not introduce a (virtual-)ISA GPU
model, nor does it compile to such an ISA model (GPU-only
or CPU-GPU). Instead it reasons about hardware directly en-
forcing the language-level model — an approach orthogonal
to NVIDIA’s. The flaw therefore does not surface in the HRF
lineage, but the lesson is general: any (virtual-)ISA-level GPU
model must be careful how it defines SC ordering.

8 Conclusion

We identified a subtle error in the official soundness argument
for compiling scoped-C/C++ to PTX, and showed that the
same root cause of treating sc-fences differently from other
primitives breaks heterogeneous ARM-PTX compilation. We
resolved both problems with a single solution: grounding SC
ordering in scope-aware coherence and from-read relations
rather than exclusively in fences. Our model preserves non-
MCA behaviors, respects scope boundaries, and imposes no
requirements beyond what A100, H100, GH200, and GB10
hardware already enforces. As the error appears only in subtle
cross-scope communication patterns, most programs are unaf-
fected in practice, which explains why it remained undetected
foralmostadecade. Thatalso highlights the unique strength of
our mechanized proofs to uncover precisely those subtle cases.
While our concrete results target PTX and ARM-PTX, the
underlying lesson is general. Defining the SC order exclusively
through a total order on sc-fences is fundamentally fragile in
two settings that are increasingly prevalent. First, in scoped
models, moral strength between events is not transitive; a
chain of pairwise morally-strong sc accesses does not imply
that the fences guarding them are mutually morally strong.
Considering only the sc-fences does not capture such chains.
Second, in heterogeneous systems, different ISAs may imple-
ment SC guarantees through entirely different mechanisms—
access modes rather than fences—making sc-fence ordering
insufficient for cross-ISA ordering. These are not incidental
properties of PTX; they are inherent limitations of specially
treating sc-fences in scoped or heterogeneous context. Our
solution—grounding SC ordering in coherence and from-read
relations rather than purely a total order on fences—addresses
the root cause and provides a blueprint for sound memory
model design in future scoped and heterogeneous systems.
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This is the appendix of the paper “Beyond the Fence: Sound
Compilation for GPU and Heterogeneous CPU+GPU Sys-
tems”.

Table of contents

e Appendix A describes our public artifact with the proofs,
Alloy litmus tests, and hardware litmus tests.

o Appendix B provides the existing full formal model of ARM
and PTX [25, 35], with mapping schemes from scoped-
C/C++.

e Appendix C expands on the translation bug from scoped-
C/C++to PTX. We also give a detailed justification for each
of our prop cases.

o Appendix D provides the litmus tests and further details on
experimental evaluation.
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A Artifact Appendix

A.1 Abstract

Our artifact consists of three components, each corresponding
to a different result in our paper: (1) we claim the compilation
of scoped-C/C++ to our ARM-PTX model is correct (Theo-
rem 1 in Section 5.3), for which the artifact contains mech-
anized proofs in Agda; @) we identify the weak behaviors
for a suite of litmus tests, which are contained in the artifact
for Alloy; and ® we claim our model matches NVIDIA GPU
behavior (Section 6), for which the artifact contains hardware
litmus tests with testing infrastructure.

A.2 Artifact check-list (meta-information)

e Mechanized Proofs: Agda proofs for compilation correctness
over axiomatic weak memory (D).

e Program: A suite with PTX litmus tests for Alloy (2) and another
suite of kernels for GPU hardware (3).

e Model: Our ARM-PTX weak memory model is formalized in
Agda for the proofs (D and our PTX model in Alloy ().

e Hardware: Our original hardware experiments (3) were pro-
duced on three NVIDIA GPU microarchitectures: Ampere (A100),
Hopper (H100 and GH200), and Blackwell (GB10).

e Output: Each component has its own output:

(D Running Agda on the proofs checks them without errors. Sep-
arately, they can be rendered to HTML to inspect them.

2 The Alloy litmus tests produce a . csv file stating for each
litmus test whether it is observable under our PTX model.

(® The hardware experiments produce another . csv files with
litmus behaviors observed on hardware.

e How much disk space required (approximately)?: <400MB

e How much time is needed to prepare workflow (approxi-
mately)?: ~ 30 minutes

e How much time is needed to complete experiments (approx-
imately)?: The Agda proofs check within 5 minutes (D, the Alloy
litmus tests take 1-2 hours (2), the reduced hardware tests take
around 1.5 hours (3).

e Publicly available?: Yes, the artifact repository is online:
github.com/sourcedennis/beyond-the-fence-artifact
From that repository the Docker image can be built to check the
Agda proofs D and execute the Alloy litmus tests (2). It also con-
tains the hardware experiments 3) that must run outside Docker.

e Code licenses (if publicly available)?: BSD-3

e Archived?: zenodo.org/records/22545540

A.3 Description

A.3.1 How to access. Clone our artifact repository from
GitHub: github. com/sourcedennis/beyond-the-fence
-artifact. Note that when building the Docker image (with
the contained Dockerfile), it pulls in the Agda proofs and
its dependencies from a separate repository: github. com/
sourcedennis/ptx-proofs.

A.3.2 Hardware dependencies. Our original hardware
experiments (3) were produced on three NVIDIA GPU mi-

croarchitectures: Ampere (A100), Hopper (H100 and GH200),
and Blackwell (GB10). A representative subset can be repro-

duced with any one of those. The mechanized proofs (1) and
Alloy litmus testing (2) require no specialized hardware.
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A.3.3 Softwaredependencies. WeprovideaDockerfile
which requires Docker to build and run an image with the
needed dependencies to check the mechanized proofs (D) and
run the Alloy litmus tests (2). Alternatively, running these out-
side Docker requires, respectively:
(D The proofs require Agda®* [1] (v2.7.0.1), its standard library
(v2.3), and the proof libraries Burrow® [41] and Dodo®.
(@ Running the Alloy litmus tests requires Alloy’ (v6.2.0),
which requires a Java JRE (v17).
Running the hardware experiments (3) on a machine with
NVIDIA GPUrequires: Python 3,an NVIDIA driver and CUDA
runtime, NVIDIA CUDA Compiler (nvcc), and NVIDIA Sys-
tem Management Interface (nvidia-smi), through which
the NVIDIA GPU must be visible.

A.3.4 Models. Our ARM-PTX axiomatic weak memory
model is formalized in Agda (D and our PTX model in Alloy (2).

A.4 Installation

(D+@ The Agda proofs (D and Alloy litmus tests (2) can be
packed together in a Docker image. After cloning the
GitHub repository, build that image with:

docker build . --tag=beyond-the-fence

To check whether it built correctly, start the image
interactively (which executes bash):

docker run -it --rm beyond-the-fence

(3@ Copy the ‘hw/’ directory (from our GitHub reposi-
tory) to the machine with the NVIDIA GPU. Make sure
the relevant software dependencies are installed (Sec-
tion A.3.3, point 3), which can be checked with:

./scripts/check_env.sh

Smoke test. Execute a smoke test with:

./scripts/run_smoke.sh \
--official-machine gb10 \
--test-environments 1 \
--iterations-per-test 100

The script writes a log to output/smoke. txt and

prints a comparison summary against our results for

the machine named by --official-machine (i.e.

GB10 above). Look out for:

— The CUDA kernels compile without nvcc errors.

— The protected Figure 3 test reports ‘weak: 0’.

— ‘Unexpected reviewer seen’ shouldbe 0.

— At least one relaxed or block-scoped test may re-
port ‘weak’ greater than zero. This is a useful sanity
check, but short runs can miss weak behaviors.

‘agda.readthedocs.io/en/latest/getting-started/
Sgithub.com/sourcedennis/agda-burrow

github.com/sourcedennis/agda-dodo
’alloytools.org


https://github.com/sourcedennis/beyond-the-fence-artifact/
https://zenodo.org/records/22545540
https://github.com/sourcedennis/beyond-the-fence-artifact/
https://github.com/sourcedennis/beyond-the-fence-artifact/
https://github.com/sourcedennis/ptx-proofs/
https://github.com/sourcedennis/ptx-proofs/
https://agda.readthedocs.io/en/latest/getting-started/
https://github.com/sourcedennis/agda-burrow
https://github.com/sourcedennis/agda-dodo
https://alloytools.org/
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A.5 Experiment workflow

@ Agda proofs. On the machine with the Docker image
beyond-the-fence (from Section A.4), run the follow-
ing command to check the Agda proofs:

docker run --rm \
-w /home/proof/ptx-proofs \
beyond-the-fence \
agda src/Main.agda --safe

This takes around two minutes. Note that the --safe flag
ensures the proofs are logically consistent. Without that
flag, Agda accepts proofs with postulates, unsolved meta
variables, and various other inconsistencies®.
Separately, to inspect the proofs, they can be rendered to
HTML with the following command (which creates and
mounts the local directory ‘html/’):
mkdir html
docker run --rm \
-w /home/proof/ptx-proofs \
-v "$PWD/html:/home/proof/ptx-proofs/html" \
beyond-the-fence \
agda --html --html-dir=html src/Main.agda

Notably, the file Main.agda (rendered to Main.html)
links the proofs together. ProofSplit.agda (rendered
toProofSplit.html)isourkey result, showing the lead-
ing fence splitting on PTX threads from scoped-C/C++,
of which ProofSplit/Consistent.agda (rendered to
ProofSplit.Consistent.html) contains the most in-
teresting proof fragments.

(@ Alloy tests. With that same Docker image, the Alloy lit-
mus tests can be executed (located in ‘alloy/litmus/’).
From the directory with our GitHub repository execute
the command (which mounts directory ‘alloy/’):

docker run --rm \
-w /home/proof/alloy \
-v "$PWD/alloy:/home/proof/alloy" \
beyond-the-fence \
bash runlitmus.sh

This script takes 1-2 hours to execute. It writes the results
to ‘alloy/results.csv’, capturing whether our PTX
model allows the litmus behaviors.

These results can be combined with the hardware behav-
iors to see whether only observed behaviors are allowed
by the formal model. The following command checks
the litmus tests against our hardware observations (from
‘hw/expected/official-observations.csv’):

python3 tools/combine_results.py \
--alloy-csv alloy/results.csv \
--hw-source official \
--official-machine gb10 \
--output hw/output/combined-official-gb10.csv

8agda.readthedocs.io/en/latest/language/safe-agda.html
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The script writes results (for the GB10 hardware behav-
iors) to ‘hw/output/combined-official-gb10.csv’
and prints a mismatch summary. It exits nonzero only if
hardware observed a weak behavior that Alloy reports as
UNSAT, corresponding to a hardware behavior the formal
model disallows. In contrast, behaviors allowed by Alloy
but not observed on hardware are reported but do not fail.

(3 Hardware tests. On the machine with NVIDIA GPU, in-
side the ‘hw/’ directory, execute the full hardware testing
campaign to reproduce Table 1 with:

./scripts/run_full_campaign.sh \
--test-environments 2 \
--iterations-per-test 1000

Runtime depends on the GPU and iteration count; the
above command on a machine with GB10 takes around
1.5 hours. The full campaign compiles and runs the CUDA
variants described by ‘tuning-files/’ in Table 1, writ-
ing the outputs to ‘hw/output/’.

Note that the paper’s official campaign ran A100, H100,
and GB10 for 24 hours each, and GH200 for 6 hours.

A.6 Evaluation and expected results

(D Agda proofs. The Agda proofs are expected to type check
without errors.

(2 Alloy tests. For the Alloy litmus tests, only the behaviors
allowed by the formal models should be observable on
hardware. Our script checks that against our reference
hardware behaviors.

(® Hardware tests. The hardware results in ‘hw/output/’
should roughly match our results in ‘hw/expected/’
when compared against the Alloy results. In particular
the new GB10 traces in ‘hw/output/full.txt’ should
roughly match those in ‘hw/expected/raw/gb10.txt’.
As weak memory behaviors appear at random, specific
observations may differ.

These new traces should match our model, for which
they canbe compared against the Alloy results (Section A.5,
point (2)); invoke the above combine_results.py script
with ‘--hw-source hw/output/full.txt’.

Generate Table 1 with:

python3 tools/generate_table_summaries.py \
--view tablel \
--output-csv hw/output/tablel-summary.csv

Generate Table 2 with:

python3 tools/generate_table_summaries.py \
--alloy-csv alloy/results.csv \
--output-csv hw/output/table2-summary.csv

A.7 Methodology

Submission, reviewing, and badging methodology:

e wyw.acm.org/publications/policies/artifact-
review-and-badging-current

e cTuning.org/ae


https://agda.readthedocs.io/en/latest/language/safe-agda.html
https://www.acm.org/publications/policies/artifact-review-and-badging-current
https://www.acm.org/publications/policies/artifact-review-and-badging-current
https://cTuning.org/ae
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B Memory Consistency Models

B.1 Axiomatic Shared-Memory Concurrency

The axiomatic semantics of a program in a model are given as
a set of consistent executions [4, 8]. An execution consists of
a set of events (shared-memory accesses or fences) and a set
of relations defined on those events. As these definitions are
entirely standard, we briefly cover basic notations, but refer
to existing works for details [4, 8].

Execution. AnexecutionX = (E, po, rf, co, rmw) corresponds
to a directed graph. E is a set of events, consisting of reads (R),
writes (W), and fences (F) — these are the graph nodes. The
program order po, reads-from rf, coherence order co, and read-
modify-write rmw are the sets of relations between events in
the execution graph.

Consistency. The weak memory semantics of a program
are captured by a set of those graphs. An axiomatic mem-
ory consistency model consists of several consistency pred-
icates, or axioms, which restrict the set of execution graphs
allowed in the model. An execution is consistent if it satisfies
all consistency predicates. [ P]| s denotes the set of consistent
executions of program P in memory model M.

Consistency is often defined over derived relations, which
are a notational convenience over the primitive relations. For
instance, from-reads fr £ rf~1:co is a derived from rf and
co. We define all ways in which we compose relations here.
Given a binary relation B, its reflexive, transitive, reflexive-
transitive closures, and inverse relations are denoted by B’,
B*,B*,B7! respectively. We write By; B, to compose relations
B and By, i.e. (By;By)(a,b) = 3¢ Bi(a,c) A By(c,b). The im-
mediate relation Bjmn, is denoted as follows: Bjmm(a, b) =
B(a, b) A fic (B(a,c) A B(c, b)). The identity relation on a set
Aisdenoted by [A] ie., [A](a,b) £ a =b A a € A. We write
Bioc to denote the relation B between a pair of events access-
ing same memory location. We write irr(B) to denote that
relation B is irreflexive and acy(B) to denote the acyclicity of
relation B, that is, B* is irreflexive.

Behavior. The behavior of a consistent execution is set of

values of all co-maximal write events. More formally, Behav(X)
{{e.loc,e.Val) | e € X.W A [{e}];X.co = 0}.

B.2 ARM

We review the existing axiomatic shared-memory concur-

rency model of ARM [35] (Figure 13a).

Events. ARM has a variety of load (relaxed, acquirePC, ac-

quire), store (relaxed, release), atomic read-modify-write (re-

laxed, acquire, release, acquire-release), and fence (control,
load-memory, store-store, and full) operations.

o A relaxed, acquirePC, or acquire load operation on mem-
ory location X generates Ry« (X, v), Rq (X, v), or Ra(X, v)
respectively, where the read value is v.

o Arelaxed or release operation on memory location X gen-
erates Wy« (X, ), WL (X, v) respectively where the written
value is 0.
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o Arelaxed, acquire, release, or acquire-release RMW opera-
tion on memory location x generates a rmw-related events
pair with labels: Ry« (X, v) and Wy« (X, 0"), Ra(X, v) and
Waeix (X, 0"), Rpx (X, v) and Wi (X, 0"), or Raco (X, v) and
Wi (X, 0”) respectively where v and o’ are the read and
written values.

o A control, load-memory, store-store, full fence generates
isb, Fry, Fww, Or Fyny events respectively.

Relations. ARM defines a global ordering relation Ordered-
before (ob), which is the transitive closure of the atomic-
ordered-before (aob), Barrier-ordered-before (bob), depen-
dency-ordered-before (dob), and Observed-by (obs) relations.
Among these, the relation is an inter-thread, and aob, bob,
and dob are intra-thread relations.

The relation is established by rfe, fre, and coe relations.
The aob relation is based on rmw accesses — events a and b are
in aob if (a, b) € rmw or event a is an rmw write and event
b is a po-successor acquirePC or acquire read event, reading
from a.

The bob relation in ARM orders a pair of po-related events a
and b in the following cases:

e gisan acquire or acquirePC event

e bisarelease event

e gisarelease and b is an acquire event

e aisaread event, and (q, b) has an intermediate Fy, event
e gand b are write events with an intermediate F event

e gand b has an intermediate F,,, event

e b is a write event and (aq, b) has an intermediate release-

write event on the same-location as b.

The dob relation in ARM is based on dependencies. It defines
dob from a read to its po-successor event(s). A pair of events
(a, b) is in dob in the following cases:

e bisaddror data dependent on a.

e b isawrite and control dependent on a.

e Let c be an isb event and is control dependent on a or in

addr; po from a.

o Event b isa write and there is an intermediate event e which

is address dependent on a.

e b isawrite and let e be a write on the same location as b

and is ctrl or data dependent on a.

e Event b is a read which is satisfied by an intermediate write
event e that forwards its written value to b and event e is

addr or data dependent on event a.

Axioms. ARM defines the (sc-per-loc) axiom to establish a
total order on same-location accesses. The (Atomicity) axiom
forbids an intermediate same-location write event between an
rmw-related event pair. Finally, the (External) axiom enforces
a global order, where ob is acyclic.

B.3 PTX

The existing axiomatic PTX model (Figure 13b) is defined on
the virtual PTX architecture for NVIDIA GPUs [25, 29].
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(po_j,c Y co U fr U rf) is acyclic (SC-per-loc)
rmw N (fre;coe) = (Atomicity)
ob is irreflexive (External)
where

ob 2(obs U aob U bob U dob)*

2 rfe U coe U
aob = rmw U [codom(rmw)];rfi;[Raq]
bob £ po;[Fym];po U [W_];po;[RA]
U [R];pos[Frulipo U [Rajq) l:po
U [W]:pos[Fwwlipo;[W]
U po;[WL] U po;[WL];coi
dob £addr U data U ctrl; [W]
U (ctrl U (addr;po));[isb];po;[R]
U addr;po;[W] U (ctrl U data);coi
U (addr U data);rfi

(a) ARM
[W];cause—joe;[W] C co (Coherence)
(sc;cause) is irreflexive (FenceSC)
((rf U fr);cause) is irreflexive (Causality)
rmw N ((ms N fr);(ms N co)) is empty (Atomicity)
(pOjoc U (ms N (rf Uco U fr))) isacyclic  (SC-per-loc)
(rf U dep) is acyclic. (No-Thin-Air)

where

prel £ ([Warse[:pojec s[W1) U ([Fagelspos[W])

pacq £ ([R];poi,. 3[Raacol) U ([R]5p03[Faacol)
2 (ms N rf) U (obs;rmw;obs)
sw = (ms N (prel;obs;pacq)) U sc
causeb = (po?;sw;po?)Jr
cause = causeb U (obs;(causeb U po_,.))

(b) PTX
Figure 13. Existing ARM and PTX axiomatic memory consis-
tency models [25, 35].

Events. In the PTX model, the read, write, RMW, and fence
accesses have memory orders: weak (Wk), relaxed (RLX), ac-
quire (AcQ), release (REL), acquire-release (AQRL), and sequen-
tially-consistent (sc). The memory order of a read, write,
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RMW, and fence operation is one of o, 0+,, 0y, of where o, €
{WK, RLX, ACQ}, 0,, € {WK,RLX,REL}, 0, € {RLX, ACQ, REL,
AQRL},and oy € {ACQ, REL, AQRL, SC}, respectively. The anno-

tations are ordered by Wk < RLX < {ACQ, REL} < AQRL < SC.
Non-weak PTX accesses also have an additional parame-

ter, scope. The scope denotes the thread hierarchies within
which the event may participate in synchronization - cta for
all threads on a cooperative thread group, gpu for all threads
on the same GPU, and sys for all threads in all devices, i.e. in
terms of the hierarchy of scopes, we have cta < gpu < sys.

Relations. Based on these events and primitive relations,
PTX derives a number of relations. A pair of non-weak events
is morally strong (ms) when both events are not weak and
have a scope that includes the thread of each other.

The sc relation orders a pair of morally-strong SC fences.
The PTX model has a synchronization (sw) relation, built in
several ways. For example, if an acquire reads from a release
write and the events are morally strong, then it establishes
synchronization. In general, a pair of morally strong release
and an acquire patterns (prel and pacq) may synchronize
via morally strong observations (0bs). In addition, sc also es-
tablishes synchronization. Based on sw, po, po_,,. and
PTX derives a global ordering cause as defined in Figure 13b
PTX also considers dependency relations to establish an intra-
thread order.

Axioms. Based on these relations, the PTX model defines its
axioms. The (Coherence), (FenceSC), and (Causality) axioms
enforce consistency between the cause relation and the co,
sc, rf, and fr relations. (Atomicity) and (SC-per-loc) axioms
enforce atomicity and coherence for morally strong accesses.
Finally, the (No-Thin-Air) axiom forbids any causality cycle
consisting of dep and rf edges and thereby forbids any out-
of-thin-air outcome [9].

B.4 Mapping

Figure 14 shows the mappings from scoped-C/C++ to PTX
and ARM.

C/C++ ARM PTX C/C++ ARM PTX

|dsco |d;{; 1ds<e Fsco FSYS Fsco

CRLX CRLX REL MM REL
s, Foe P P
S, St st O
stso st stise 30 1dY° Fosld3y,
uge Uyt U SEP st Fyst
B P By U UY Rl

Figure 14. The mappings from scoped-C/C++ to PTX [25]
and ARM [40]. o, € {rLX, ACQ/A, REL/L, AQRL/AL}
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C Expanded Formal Analysis

Here we expand on our analysis of the incorrect compila-
tion from scoped-C/C++ to PTX and we justify each of the
components of our new prop definition.

C.1 Mapping bug fixed

Figure 3 showed an example of incorrect compilation from
scoped-C/C++ to PTX, which we explained in subsection 2.3,
and which we later revisited in subsection 4.2. We show the
corresponding scoped-C/C++ execution graph in Figure 15a
with msNpsc cycle, forbidden by the Scoped-C/C++ (Coher-
ence) axiom. In subsection 4.2 we explained why the existing
PTX model is insufficient to enforce the ordering; the map-
ping is incorrect under that model, as it erroneously allows
the outcome a=b=1, c=0, X=2.

In Figure 15b we show the prop cycle for that program
under our new PTX model. As the execution is disallowed by
our (SC) axiom, the leading-Fs. mapping is correct for this
program under our PTX model.
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Figure 15. Execution graphs for programs in Figure 3, which
maps correctly under our PTX model. The rightmost thread
is in a separate CTA from the other threads.
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(a) msNpsc cycle in scoped-C/C++
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(b) prop cycle in our PTX model

Figure 16. The execution graphs of a scoped-C/C++ program mapped to PTX. The first two threads are in a different CTA than
the last two threads. Both executions are disallowed by a cycle in their respective model. Note that the sw edge to e, can start in
either e, or e; (and to es from e, or e;) in both graphs; we draw the variant relevant for each cycle.

C.2 Justification for prop

In Section 5.1 we defined our own prop relation. Each of its

cases is necessary for a particular case in the scoped-C/C++-

to-ARM mapping proofs, which we explain here.

Case 1la. (ms N ([Fsc];hb);(ms N ca)) is needed for the pro-
gram by the graph in Figure 15b, capturing the edge
from p; PPy e, which no other prop case covers.

Additionally, this case covers p; P°P;e, in our
drawing. However, its context could be covered by
an alternative path, namely: e; PP e5 P"Poe,  cov-
ered by case 3 and case 1b, respectively.

Case 1b. (msNca) is needed for the program of the graphs in

Figure 16, covering the edges e, 2"°Pe5 and eg PP, ¢
Observe thatno alternative prop-case covers those

edges. Particularly, case 1a does not apply as the F<'?
e is not morally-strong (ms) with es (similarly for e,
and ;). Also the pscf-case (case 2) does not apply as
the two FS2 fences e, and ¢4 are not morally-strong
with each other.

Case 2. (ms N pscf) is needed to link morally-strong fences,
as we have explained in Section 4 with Figure 9.

Case 3. (hb;[Eagg.])is need in Figure 15, with a similar argu-
ment as we gave for case 1. This case covers e; PP, p,
and e, PP, o, for the latter there is no alternative
path. For the first case, there is an alternative path
e PP, es PIOP o, however, the e, 2%Pse5 is covered
by this same prop-case.

Case 4. (hb’;sw) is needed for the program represented by
the graphs in Figure 16, where it covers e; PP e,
and es 2P, e Observe that no other case covers it;
The Fyc-case (case 1) does not apply, as the e, FS?
is not strong enough to propagate to es in the other
CTA (similarly for e to eq).

The need for this case is a subtle consequence of
the sw definition in scoped-C/C++, which can start
either at a Wogg, or a Fogg;. Crucially, the scope of
that fence is unrelated to the scope of the write; if e3
were also cta-scoped, e3 &er would be a heteroge-
neous race (similarly for e; £%e;). After mapping,
that results in the situation where the F$? ¢, is not
strong enough to propagate to es in the other CTA,
while the po-subsequent Wiy, €3 cannot propagate

by itself. Hence, no other prop-case can address
this subtle case of scoped-C/C++.
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e WS (X,1)  e: WER (Y, 1) o Weaker — Our model is also weaker in some cases; never in
| sc } ways observed on hardware nor does it affect the proofs.
ey ot ———>es:For Consider the store buffering program in Figure 17. It is dis-
l | allowed by the original PTX model, as it contains the cycle
e3: RS (Y,0)  e4:R$2(X,0) e PISGPO o 1Toe;. Note that po;sc;po € possw;po C cause.
Figure 17. Store-buffering program, with threads in different Then fr;causeb is disallowed by (Causality) from Figure 13b.
CTAs. Disallowed by the pre-existing PTX model. In our model, however, we do not disallow this program.

The fr-edges are not morally strong, as they are cta-scoped
and go between different CTAs. Hence, only by the sys-
scoped fences could we propagate information between
the threads. However, both prop cases that cover fences
are too weak to disallow this; Our pscf requires the inter-
mediate fr edges to be ms, which they are not, while our
Fsc-propagation (case 1a) requires the Fy e, to be morally
strong with the fr-target e4 (similarly for es and e;).

C.3 Relation to pre-existing PTX

Our model differs structurally from the original PTX model
[25]. We took care to match its behavior on many known test
cases (Section 6). However, in general, our model is incompa-
rable to the original, meaning it is both stronger and weaker,
depending on the case:

e Stronger - We are stronger to correctly support the leading- This program is not affected by the mapping; the program
Fsc mapping. For instance, consider the program in Figure 3, has a heterogeneous race, for which the source program
for which the original PTX was not strong enough to disal- behavior is undefined.

low, whereas our model correctly disallows it (Figure 15b).
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D Experimental Evaluation
Figure 18 shows the litmus tests run during our experimental
evaluation. Figures 18a to 18c are used to test whether co and
are part of SC-ordering. Figures 18d to 18i are MCA litmus
tests, and are used to determine whether the hardware is MCA
or not. In our experimental evaluation, variants of iriw did
show non-MCA behaviors even with AcQ accesses and fences,
although these were very rare. Table 2 shows the breakdown
of allowed and visible tests on the base and strengthened PTX
model across the GPUs we tested on.

X=1|Y=1 X=1|Y=1|Z=1
Y=2|X=2 Y=2|Z=2||X=2
(a) 2+2w (b) 3.2w
X=1||Y =2|a=Z X=1lla=X|lc=Y ||[Y =1
Y=1|Z=1|b=X b=Y|d=X
(c) z6-3 (d) iriw
X=1|a=Y|b=2Z X=1[la=X||Y =1
Y=1|Z=1|c=X b=Yl|c=X
(e) isa2 (f) rwe
X=1|a=X|b=Y X =2{la=X||Y =2
Y=1|c=X Y=1]|X=1
(g) wre (h) wrw+2w

X=2|a=X|b=Y
Y=1]|X=1
(i) wwe

Figure 18. Templates for the litmus tests run during our
experimental evaluation.

Dennis Sprokholt et al.

Table 2. Breakdown showing the number of allowed tests
under the base PTX and strengthened Sound PTX model pro-
posed in this paper. The number of visible tests is very similar
across the A100 and H100, although our experiments show
that in rare cases the H100 GPU shows weak behaviors for
MCA tests that are not seen on the A100. Due to a shorter
runtime, the GH200 shows less weak behaviors; it is likely
that running experiments for longer time periods would re-
veal more tests that show weak behaviors. Similarly, the GB10
shows less weak behaviors, likely due to the fact that it is
a smaller, less-powerful GPU where the timing conditions
necessary for weak behaviors occur more rarely.

Test Allowed Visible

PTX Sound PTX A100 H100 GH200 GB10

All 1208 1198 558 558 412 307
Figure 2¢ 2 2 1 1 1 0
Figure 3 2 1 0 0 0 0
2+2w 32 29 11 11 11 8
3.2w 160 154 80 79 72 44
z6-3 160 160 75 77 63 38
iriw 240 240 94 93 51 60
isa2 198 198 105 107 75 50
rwe 110 110 51 50 44 41
wrc 77 77 42 41 23 20
WIW+2W 110 110 44 44 37 25
wwce 117 117 55 55 35 21
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