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ABSTRACT

This paper provides an overview of the multi-image parallel fea-
tures in Fortran 2023 and their implementation in the LLVM Flang
compiler and the Caffeine parallel runtime library. The features
of interest support a Single-Program, Multiple-Data (SPMD) pro-
gramming model based on executing multiple “images”, each of
which is a program instance. The features also support a Partitioned
Global Address Space (PGAS) in the form of “coarray” distributed
data structures. The paper discusses the lowering of multi-image
features to the Parallel Runtime Interface for Fortran (PRIF) and
the implementation of PRIF in the Caffeine parallel runtime library.
This paper also provides an early view into the design of a new
multi-image dialect of the LLVM Multi-Level Intermediate Repre-
sentation (MLIR). We describe validation and testing of the resulting
software stack, and demonstrate that performance compares favor-
ably to another open-source compiler and runtime library: GNU
Compiler Collection (GCC) gfortran and OpenCoarrays, respec-
tively.
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1 INTRODUCTION

LLVM [26] provides a highly modular, extensible compilation pipe-
line, and its maturity for the C and C++ languages is well-established.
Following a similar pattern, an effort has been made to focus the
Fortran ecosystem [41] and to converge towards an LLVM-based
solution, called LLVM Flang [24] (the Fortran front-end of LLVM,
denoted flang in the rest of this paper). flang is under active de-
velopment and contains robust support for many of the features in
Fortran 2023 [15, 25]. However, the latest release (version 21) lacks
support for the multi-image parallel features of Fortran!. Adding
support for these features is on the LLVM roadmap. In 2022, an
initial series of patches were integrated to provide the front-end
support for multi-image features, but lowering and runtime support
remains a work-in-progress. As a consequence, while other promi-
nent Fortran compilers (e.g., GNU gfortran, Intel ifort/ifx, HPE
crayftn) have production-ready support for a large portion of the
multi-image features, this is still missing in flang.

Fortran plays important roles in fields ranging from weather [40]
and climate [8] to nuclear energy [10], aerospace engineering [2],
and fire protection engineering [27]. If you looked at a weather fore-
cast today, received electricity from a power plant licensed by the
U. S. Nuclear Regulatory Commission, rode in any one of numerous
car or aircraft models, or live in one of 195 countries that signed the
Paris climate accord, then Fortran codes impacted your life in one
or more ways today even before you encountered this paper. Teams
are also writing Fortran software in emerging disciplines such as
deep learning [32] and to develop tools in areas where Fortran has
not been typically employed, such as package management [16].
Fortran thus remains a key component in the High-Performance
Computing (HPC) software ecosystem [1]. The multi-image fea-
tures of Fortran allow developers of scientific software to fully
utilize the capabilities of HPC systems while still expressing their
algorithms in standard Fortran, and increased compiler support for
these features will benefit the Fortran developer ecosystem.

'We use the term multi-image in this paper to encapsulate coarray features (allo-
cation, deallocation, accesses, ...) as well as all other multi-image parallel features
(synchronization, collective subroutines, atomic subroutines, image teams, etc.).
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Figure 1: PRIF’s role in a Parallel Fortran software stack

2 SOFTWARE ARCHITECTURE

2.1 PRIF

The Parallel Runtime Interface for Fortran (PRIF) [5] is a compiler-
and runtime-library-agnostic interface, written in Fortran, to sup-
port the multi-image parallel features of Fortran. As seen in Fig-
ure 1, PRIF sits in between the compiler and the parallel runtime
library. The PRIF specification [31] is an open standard, governed
by a multi-institutional committee. In the aforementioned Fortran
ecosystem where compiler support for the multi-image features is
incomplete, PRIF aims to provide a generalized interface that can
simplify adding this support to a compiler, as any compiler that
lowers to PRIF calls can use any runtime library that follows the
interface. It also adds flexibility to the Fortran ecosystem and pro-
duces the possibility that one PRIF runtime library could provide
support for multiple compilers, or that one compiler could support
several PRIF runtime libraries.

PRIF was developed to be portable across shared- and distributed-
memory systems, with varying operating systems, toolchains and
architectures. It achieves this by defining a set of Fortran procedure
interfaces corresponding to each of the multi-image parallel features
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defined in the Fortran standard that may be invoked by a Fortran
compiler and implemented by a runtime library. The interface itself
is expressed as a standard-compliant Fortran 2018 [14] module
that deliberately avoids any compiler-specific details, in order to
maximize portability.

2.2 Lowering in LLVM

In compiler terminology, “lowering” commonly describes the pro-
cess of translating high-level language constructs into more con-
crete, lower-level constructs. In practice, this transformation can
be broken down into several distinct stages: parsing (which con-
verts source code into an Abstract Syntax Tree (AST)), desugaring
(which simplifies the source language by removing syntactic sugar),
Intermediate Representation (IR) transformation (which breaks down
complex constructs into simpler, lower-level operations), canoni-
calization (which rewrites code into a standardized form to make
analysis and optimization easier), legalization (which ensures that
operations are valid for the target architecture), and codegen (which
produces the architecture-specific machine code).

Although multi-image features (including coarrays) were intro-
duced in the Fortran 2008 standard [13], LLVM has only supported
basic parsing of coarray syntax since the early 2020s. In contrast,
other compilers have offered much more complete support for
multi-image features for several years: the Cray Compiling En-
vironment (CCE) [18] since before 2008, OpenUH [11, 19] since
2010, Intel ifort/ifx [21] since 2011, GCC gfortran [12] since
2015, and nAG [30] since 2022 (among others). Each of those com-
pilers uses a dedicated, proprietary runtime (based on MPI [12],
GASNet [17], or private implementations) to provide the communi-
cation support for multi-image features.

While LLVM has become the most dominant framework for com-
pilers, the absence of robust multi-image support could discourage
Fortran users. Consequently, this work aims to close this functional-
ity gap between existing compilers and flang. Therefore, we opted
to provide a lowering step (IR transformation pass) towards PRIF, a
backend-agnostic abstraction layer. Figure 2 illustrates the overall
compilation flow of flang and the work proposed in this paper
(depicted by the violet box).

Our transformation pass is inserted during the conversion from
High-level Fortran Intermediate Representation (HLFIR) to Fortran

Fortran lexing, parsing lowering pass
» FIR & HLFIR > LLVM IR
Program parse tree MLIR translation
Lower variable prif_allocate_coarray
. . - — Declare
Allocation - declaration — frrereeeieeeeeeeeeeeens s ; bl =
& attributes create descrlptor variable . =
e | & | — |
A <
Multi-image Lower intrinsics | get coarray . Create CallOp ©
operation & statements descriptor towards PRIF

Figure 2: Proposed compilation flow to add support for Fortran’s multi-image parallel features into LLVM Flang,.
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Listing 1: Minimal multi-Image example code

program main

integer :: i

if (this_image() .eq. 1) then
i = num_images ()

endif

end program main
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Listing 2: HLFIR output from compiling Listing 1 using our
fork of flang

Intermediate Representation (FIR). HLFIR and FIR are two Fortran-
specific dialects developed to represent Fortran constructs and
concepts. Their supported features include variable allocation, vari-
able declaration, and procedure calls. This is a natural point for the
transformation, as it aligns directly with the point in the lowering
pipeline where specific low-level Fortran constructs are introduced.
Placing it here also makes future integration with other MLIR di-
alects more straightforward (see §4 for more details). Using the
various operations and types of these dialects, we are able to gener-
ate calls to different procedures managed by an implementation of
the PRIF runtime.
Our approach includes two major aspects:

e For allocations, an attribute has been introduced to the se-
mantic symbol to tag all variables with coarray type. As a
result, regardless of whether it is an explicit allocation or a
static declaration, our pass is able to intercept the allocation
and replace it with a call to prif_allocate_coarray’. This
procedure handles the actual coarray allocation according to
the library implementation and returns a descriptor handle
(which is also implementation-specific) back to the LLVM-
generated code. It should be noted that for variables that
have been declared globally or for members of a derived
type, a slightly more complicated process is performed. In
this case, a global declaration at the HLFIR level (GlobalOp
operation) of the descriptor reference is made.

e For coindexed expressions (coarray accesses) and/or intrin-
sics related to the multi-image parallel features (e.g. "this_
image’, ’image_index’, ’sync all’, etc.), our flow translates
Fortran multi-image operations into direct calls to the PRIF li-
brary. These calls are directly inserted at the HLFIR/FIR level.
However, for calls involving a coarray, PRIF requires the
caller to pass the coarray descriptor handle associated with
the appropriate variable. As a consequence, some lookup has
been implemented to retrieve it directly from the declaration
of the coarray variable.

Listing 1 shows a minimal example of a multi-image Fortran
program using the this_image and num_images intrinsic functions.
The this_image function returns the 1-based index of the calling
image and num_images returns the number of images in the SPMD
parallel execution. When this program executes, the first image
will define the variable i to the value of num_images. The relevant
compilation output after lowering this program to HLFIR is shown
in Listing 2, where we can observe the function calls (fir.call) to
PRIF module procedures that flang has generated.

This approach has the advantage of being concise and positioned
early in the compilation process, alongside other FIR/HLFIR transla-
tion phases. As a result, it allows subsequent (generic) optimizations

func.func @_QQmain() attributes {fir.bindc_name =
"MAIN"} {
%3 = fir.absent !fir.box<none>
%4 = fir.alloca i32
fir.call @_QMprifPprif_this_image_no_coarray (%3,
%4) fastmath<contract> (!fir.box<none>, !
fir.ref<i32>) -> ()
%5 = fir.load %4 I'fir.ref<i32>
%c1_1i32 = arith.constant 1 : 132
%6 = arith.cmpi eq, %5, %c1_i32 : i32
fir.if %6 {
%7 = fir.alloca i32
fir.call @_QMprifPprif_num_images (%7) fastmath
<contract> (!fir.ref<i32>) -> (O
%8 = fir.load %7 Ifir.ref<i32>
hlfir.assign %8 to %2#0 i32, !fir.ref<i32>

at the LLVM IR level to take full effect. Also, to support selection
of the PRIF implementation, we’ve introduced a new LLVM flag
(-fcoarray). For command-line portability across compilers, the
flag’s name matches the analogous flag in the GNU toolchain.

2.3 Caffeine

CoArray Fortran Framework of Efficient Interfaces to Network En-
vironments (Caffeine) [6, 33] is a parallel runtime library that is the
first implementation of PRIF. The Caffeine runtime library is mostly
written in Fortran and demonstrates that a subset of Fortran’s non-
parallel features can be used to provide support for the multi-image
features. PRIF and Caffeine are both designed to rely solely upon
a narrow serial subset of Fortran 2018 features (notably including
ISO_Fortran_binding.h, assumed-type dummy arguments like
type(*), and assumed-rank dummy arguments like array(..)).
The library implementation [22] is intended to be strictly standards-
conformant, enabling Caffeine to interoperate with any Fortran
compiler implementing these features in a standard-conforming
manner. The Caffeine library currently supports compilation using
either of two compiler families: LLVM Flang version 19 or later and
GNU Fortran version 13 or later; support for additional compiler
families is planned.

As suggested in Figure 1, Caffeine is implemented atop the
GASNet-EX communication library [3, 4], which provides the com-
munication services across a wide range of network hardware,
including: Ethernet, InfiniBand, HPE Slingshot, Intel Omni-Path,
Amazon EFA, and shared-memory workstations (no physical net-
work).

Table 1 provides the updated status of PRIF feature support in
Caffeine, which has made significant progress since previously
reported in [5].

(©2025 LBNL doi: 10.25344/S4G8383
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Table 1: Status of Caffeine’s support for the multi-image parallel features of Fortran (as of Caffeine v0.5.2)

Bonachea, Rasmussen, Rouson, Pailleux, Renault, Richardson

Multi-image Fortran Feature Status
Program startup and shutdown (incl. normal and error termination): STOP, ERROR STOP, END PROGRAM statements | yes
Collective subroutines: CO_{BROADCAST, SUM,MIN,MAX, REDUCE } yes
Image queries: THIS_IMAGE, NUM_IMAGES, etc, intrinsic functions yes
Synchronization: SYNC {ALL, IMAGES,MEMORY, TEAM} statements yes
Storage management: Coarray allocation, deallocation and coarray aliases yes
Coarray Queries: LCOBOUND, UCOBOUND, COSHAPE, etc. yes
Contiguous and strided coarray access: Coarray puts and gets yes
Teams: TEAM_TYPE intrinsic type and { FORM, CHANGE ,END} TEAM statements yes
Events: EVENT_TYPE intrinsic type, EVENT_QUERY subroutine and EVENT {POST,WAIT} statements yes
Notifications: NOTIFY_TYPE intrinsic type and NOTIFY WAIT statement yes
Atomics: ATOMIC_{INT,LOGICAL}_KIND kind parameters and ATOMIC_{DEFINE,REF, ...} subroutines yes
Critical construct: CRITICAL and END CRITICAL no
Locks: LOCK and UNLOCK statements no
FAIL IMAGE statement no

3 EVALUATION
3.1 Experimental Methodology

In order to assess the viability of our modifications to LLVM as well
as the maturity of both PRIF and Caffeine, we opted to evaluate our
approach using two benchmarks written by other members of the
Fortran community:

o Caf-testsuite [20], a collection of correctness tests for CoArray
Fortran (CAF) features. It checks whether compilers and run-
times conform to the Fortran standard’s coarray semantics
by verifying the behavior of operations like coarray alloca-
tion, synchronization, image control, and remote memory
access.

e Cafbench [9], a performance benchmarking suite designed
to evaluate and compare the performance of CAF features
across different compiler and runtime implementations. It
focuses on measuring the efficiency of coarray operations
such as communication (e.g. put, get, sync) and scalability
in multi-image execution environments.

Because multi-image parallel feature performance may be highly
sensitive to the environment, we opted to test our implementation in
shared memory on both AArché64 Neoverse-V1 (AWS Graviton3e™,
64 cores @2.5 Ghz)? and X86-64 (Intel Xeon™ Sapphire Rapids, 80
cores @2.1Ghz). In both configurations, OS and kernel versions are
the same (Linux RHEL 9, kernel v5.14). It should be noted that:

e Our prototype implementation of flang is available at [35]
and we benchmarked at commit c17dd15683e3. The Caf-
feine library used was release version 0.5.2 (commit
36f@d0a73beb). Caffeine used GASNet-EX [23] library ver-
sion 2024.5.0.

20ther AArch64 architecture were also tested: Neoverse-N1 and Neoverse-V2. Since
they provide similar results, only Neoverse-V1 results are reported here.

o In shared memory, we compared our results with GNU For-
tran version 15.0.0 and OpenCoarrays [12] version 2.10.3,
using OpenMPI version 5.0.8. OpenCoarrays was compiled
using both the library’s default compilation flags and with
-DSTRIDED in order to activate optimized strided-array trans-
fer support, and the best results reported for each test.

3.2 Comparison with Existing Open-Source
Implementation in Shared Memory Systems

Figure 3 illustrates the comparison between flang/Caffeine and
GNU-Fortran/OpenCoarrays on both AArch64 and X86-64 using
the benchmarks provided in the Caf-testsuite [20]. We are unable to
conduct measurements of GNU Fortran using Caffeine at this time,
as only flang currently supports lowering to PRIF. This test suite
measures two main indicators: latency and bandwidth using various
GET and PUT coarray access operations. Following the benchmark’s
default configuration, only two images were used. Nevertheless, it
provides an effective evaluation of the point-to-point communica-
tion performance for the two different multi-image implementa-
tions.

Each benchmark test (e.g., bidirectional, get_bandwidth,
noncontiguous, partial_data, ping_pong, and put_bandwidth)
runs over a range of data transfer sizes up to 4 MiB to provide a
comprehensive view of overall coarray access performance with
respect to transfer size. Figure 3 represents these individual bench-
marks by box-and-whisker plots. Each row represents the effective
transfer bandwidth achieved by a given test across all the transfer
sizes. For more insight, the average transfer bandwidth for each
individual transfer size is additionally superimposed as a dot atop
the box-and-whisker plot.

At first glance, it can be observed that our flang/Caffeine ap-
proach and GNU-Fortran/OpenCoarrays both provide comparable
performance and qualitatively similar trends, regardless of the un-
derlying architecture. This highlights the favorable efficiency of
our prototype, demonstrating performance comparable to a mature
implementation that’s been in production use for over 10 years.
Two qualitative differences that can nonetheless be spotted:

(©2025 LBNL doi: 10.25344/S4G8383
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Figure 3: Overview of micro-benchmark results from Caf-testsuite on shared-memory systems

e For the partial_data test, flang/Caffeine bandwidth re-
sults are more tightly grouped across transfer sizes, whereas
the GNU-Fortran/OpenCoarrays results have a wider vari-
ance across sizes but also a significantly higher mean band-
width. This test measures the bandwidth of interleaved non-
contiguous coarray put operations with 16KiB stride on both
sides. The performance of this test in shared memory is
likely very sensitive to details of memory layout and in-
duced cache behavior, which is expected to differ between
compilers. It’s also likely to benefit from loop-interchange
optimizations, which flang is not currently performing for
coarray accesses.

o Figure 4 zooms into the results for the noncontiguous test,
which measures the bandwidth obtained by a Fortran coin-
dexed assignment statement of the form:
arr(1,1:xfer_size)[2] = arr(1,1:xfer_size)
which induces repeated non-contiguous coarray put opera-
tions with 64-byte stride on both sides. The AArch64 results
seem to uniformly favor our approach, while on x86-64 the
relative performance of the two approaches is more mixed.

Table 2 summarizes the average latency of small contiguous coar-
ray access operations PUT and GET (smaller is better). We find that
our approach provides competitive latency performance. The differ-
ences likely arise due to differences in OpenCoarrays vs Caffeine,

Table 2: Latency for 4-byte coindexed access in shared mem-
ory, using flang (Caffeine) versus GNU Gfortran (OpenCoar-

rays)

Avg. Latency Aarch64 X86-64
(nanoseconds) | flang | Gfortran | flang | Gfortran
PUT 119 141 63 178
GET 129 136 63 180

and differences between the MPI and GASNet-EX communication
backends. It could also be possible that our implementation, using
PRIF, is more straightforward in the compiler and avoids some
complexity in the handling of coarrays. Adding PRIF support to
GNU Fortran could help to confirm this intuition, and this is left
for future work.

3.3 Comparison in Distributed Memory

We also evaluated microbenchmark performance in distributed
memory using two dedicated nodes on the CPU partition of the
“Perlmutter” [29] Hewlett Packard Enterprise (HPE) Cray EX super-
computer at National Energy Research Scientific Computing Center
(NERSC) [28]. Each Perlmutter node has 2 X 64-core Advanced Mi-
cro Devices, Inc. (AMD) EPYC™ 7663 Milan processors @ 2.45GHz

(©2025 LBNL doi: 10.25344/S4G8383
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Figure 5: Results from running Caf-testsuite in distributed memory across two nodes of the NERSC Perlmutter supercomputer,

connected over an HPE Slingshot 11 network

and one HPE Slingshot 11 200Gbps Cassini NIC connected in a
dragonfly topology. We ran one image on each physical node, en-
suring that all inter-image communication was routed over the
Slingshot interconnect, using libfabric CXI provider version 1.20.1
and Slingshot Host Software version 11.0.2. For the flang/Caffeine
results, we used all the same compiler/runtime software versions
described in §3.1. For a performance baseline on this system, we
used the vendor-provided HPE CCE Fortran compiler [18], version
18.0.0, with Cray Programming Environment version 2.7.32. While
building Caf-testsuite, both compilers were provided with the -03
optimization option. For the CCE Fortran compiler, we additionally
added the -Onointerchange option to disable loop interchange op-
timizations; without this option the compiler heuristics made a poor

choice to interchange inner loops in the benchmark’s timed regions,
resulting in a slowdown exceeding several orders of magnitude for
the contiguous transfer tests.

Figure 5 presents the results of a distributed-memory microbench-
mark performance comparison on NERSC Perlmutter using Caf-
testsuite. As with the shared-memory results in §3.2, the bandwidth
performance delivered for the distributed-memory tests exercis-
ing contiguous transfers is qualitatively similar between flang/
Caffeine and CCE Fortran. For the noncontiguous test, flang/
Caffeine demonstrates wider bandwidth variance across transfer
sizes, but also significantly higher mean and peak bandwidths. The
two configurations are more closely matched on the partial_data

(©2025 LBNL doi: 10.25344/S4G8383
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Figure 6: Overview from a subset of micro-benchmark results from Cafbench

test, with CCE Fortran showing a slight advantage in mean and
peak bandwidth.

Table 3 presents the average latency results for small contiguous
coarray access operations PUT and GET in distributed memory
(smaller is better). Again we find that our flang-based approach
provides competitive latency performance. The minor differences
likely arise due to the use of Caffeine and GASNet-EX for network
communication, versus HPE’s proprietary communication backend.

Overall, these results demonstrate that our prototype flang/
Caffeine solution is already delivering multi-image Fortran perfor-
mance that is comparable to a mature vendor product.

Table 3: Latency for 4-byte coindexed access across an HPE
Slingshot network, using flang (Caffeine) versus HPE CCE

Avg. Latency
(microseconds) | flang / Caffeine | HPE CCE
PUT 3.64 7.17
GET 3.53 4.30

3.4 Experimental results using Cafbench

Similarly to Caf-testsuite, the Cafbench [9] project provides several
microbenchmarks to measure the latency and bandwidth perfor-
mance for coarray PUT and GET operations, with or without strides.
It also includes benchmark tests for synchronization operations
(sync all, sync images, ...); this is a major difference from Caf-
testsuite that does not evaluate such operations. The second main
difference is the use of coarray dummy arguments as procedure
arguments. Supporting this kind of declaration is nontrivial and re-
quired some additional effort in our fork of LLVM. Indeed, matching
LLVM’s way of handling dummy arguments is not straightforward
with the PRIF interface. In LLVM, dummy arguments are allocated
inside of the callee procedure. Consequently, this is the best location
to call the PRIF procedure prif_alias_create that creates a new
coarray descriptor for the callee’s dummy argument that is aliased
to the coarray element data of the caller’s descriptor. However, this

procedure requires a PRIF descriptor that is only available on the
caller side in LLVM. This is the main reason why the flow depicted
in §2.2 is split into two parts: using a GlobalOp operation helps to
retrieve the descriptor in the callee procedure.

While our initial goal was to compare the Cafbench performance
of flang/Caffeine against both GNU Fortran and HPE CCE, we
were unable to successfully compile Cafbench using the HPE CCE
Fortran compiler. The Cafbench code crashed the CCE version
18.0.0 compiler on Perlmutter, and also the latest CCE version 19.0.0
with Cray Programming Environment version 2.7.33 on a different
HPE Cray EX supercomputer. This Cray Fortran compiler defect
has been reported to HPE via NERSC as case number 5392228187.
These limitations prevented a full performance comparison using
Cafbench.

Figure 6 illustrates the comparison between flang/Caffeine and
GNU-Fortran/OpenCoarrays on our shared-memory AArch64 test
system using the benchmarks provided in Cafbench. In order to
confirm results shown by Caf-testsuite, only two images were used.

Each benchmark test (e.g., put, get, subput, subget,
strided_put, strided_get, many_put, and many_get) runs
over a range of data transfer sizes up to 2 MiB. The trend that
was previously demonstrated in the Section §3.2 is confirmed by
Figure 6: both flang/Caffeine and GNU-Fortran/OpenCoarrays de-
liver similar results in terms of mean performance and distribution.
This highlights the favorable performance of our prototype, even
with experimental support for dummy arguments.

Although flang’s multi-image support lacks the maturity of
its colleagues, our prototype nevertheless successfully compiled a
working multi-image executable for Cafbench. This demonstrates
our preliminary support for coarray dummy arguments and ex-
ercised our use of procedures such as prif_alias_create and
prif_alias_destroy. We plan to further investigate optimizing
support for coarray dummy arguments, even lacking a comparison
baseline with the Cray Fortran compiler.

(©2025 LBNL doi: 10.25344/S4G8383
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4 FUTURE WORK

We have started to contribute our flang improvements for lowering
multi-image features to PRIF into the upstream LLVM project repos-
itory. As of the time of writing, we’ve merged working lowering
for the following features into the upstream 11vm/main branch:

(1) SPMD program initialization and -fcoarray option [36]

(2) Basic image identification intrinsics (this_image,
num_images) [37]

(3) Image synchronization statements (sync all, sync images,
sync memory) [39]

(4) Collective subroutine instrinsics (co_broadcast, co_min,
co_max, co_sum) [38]

Work continues on completing the multi-image parallel features
for flang.

LLVM Flang performs lowering from its HLFIR and FIR dialects,
which are mixed with a few standard dialects, directly to LLVM-
IR [7]. This allows the compiler to benefit from the various op-
erations, dialects, and MLIR transformations available in MLIR.
We were thus able to leverage the features offered by MLIR to
lower multi-image features into corresponding PRIF procedure
calls. There is still significant remaining work in LLVM to support
complete and stable lowering to PRIF. Improving support for coar-
ray dummy arguments (although compiling and running Cafbench
is a very good start), handling allocatable members of coarrays with
derived type, and optimizing access operations for coarrays are the
main areas for future development work.

The use of MLIR also opens up new possibilities for future work.
We are currently working to propose the addition of a new MLIR
dialect named Multi-Image Fortran (MIF), which will model opera-
tions of the multi-image features in flang [34]. In order to improve
organization and code readability, we propose the handling of MIF
operations and lowering to PRIF be moved into this specific di-
alect. Once the new dialect is ready for adoption, the approach
described in §2.2 will be adjusted to directly use these new dialect
operations during lowering, thus minimizing changes to existing
lowering for statements and intrinsics. Finally, we’ll implement a
transformation pass at the MLIR level to convert MIF operations to
LLVM-IR, replacing MIF dialect operations with the corresponding
PRIF procedure calls.

An example of IR using such a dialect is depicted in Listing 3,
which corresponds to a straightforward translation of the exam-
ple given in Listing 1. A comparison with HLFIR translation pre-
sented in Listing 2 shows that the function calls fir.call have
been replaced by the higher-level operations mif.this_image and
mif.num_images. We have an initial prototype implementation
for this dialect, covering all the aforementioned HLFIR operations
that have been upstreamed. This prototype implementation will be
refined to handle more multi-image features.

5 CONCLUSION

In this paper, we have provided an overview of the work accom-
plished with PRIF and the Caffeine parallel runtime library to sup-
port the multi-image parallel features of Fortran in LLVM Flang.
Section 3 showed that OpenCoarrays (with GNU Fortran) and
Caffeine deliver comparable performance for basic multi-image
Fortran features. In some cases our flang-based prototype stack

Bonachea, Rasmussen, Rouson, Pailleux, Renault, Richardson

Listing 3: MIF Dialect output example

func.func @_QQmain() attributes {fir.bindc_name =
"MAIN"} {
%4 = mif.this_image -> 132
%c1_1i32 = arith.constant 1 : i32
%5 = arith.cmpi eq, %4, %c1_i32 : i32
fir.if %5 {
%6 = mif.num_images -> 132
hlfir.assign %6 to %2#0 : 132, !fir.ref<i32>
}

even provides better performance than a mature implementation
available for over 10 years. This demonstrates that the overhead
associated with using a portable interface such as PRIF is negligible
compared to what is offered by another open-source compiler. Apart
from initializing the parallel environment and creating a coarray
descriptor, PRIF is designed to provide a close semantic match to
the multi-image operations specified by the Fortran standard.

The Caffeine implementation of PRIF has reached new levels of
maturity, now implementing nearly all the multi-image features
and procedures in PRIF. By adopting PRIF and Caffeine, our fork of
flang can now support numerous multi-image operations without
having to worry about too many functional constraints. In addition
to Caffeine supporting LLVM Flang, Caffeine can offer the same
capabilities to any compiler that targets PRIF. Moreover, such a
compiler could seamlessly switch to any other parallel runtime
library that supports PRIF. By contrast, the OpenCoarrays interface
hard-wires GNU-Fortran-specific details such as variable descrip-
tor types. We are aware that additional work must be finished in
order to fully support PRIF, and to integrate forthcoming changes
expected to be introduced in the upcoming Fortran 202Y standard.
In the future, we expect that utilization of Caffeine will be a more
advantageous option than OpenCoarrays in order to fully benefit
from Fortran’s multi-image features.
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ACRONYMS

AMD Advanced Micro Devices, Inc.

AST  Abstract Syntax Tree

CAF CoArray Fortran

Caffeine CoArray Fortran Framework of Efficient Interfaces to
Network Environments

CCE Cray Compiling Environment

FIR  Fortran Intermediate Representation

GCC GNU Compiler Collection

HLFIR High-level Fortran Intermediate Representation

HPC High-Performance Computing

HPE Hewlett Packard Enterprise

IR Intermediate Representation

=

=

MIF  Multi-Image Fortran

MLIR Multi-Level Intermediate Representation

NERSC National Energy Research Scientific Computing Center
PGAS Partitioned Global Address Space

PRIF Parallel Runtime Interface for Fortran

SPMD Single-Program, Multiple-Data
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