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I. THE CHALLENGE

Developing high performance simulation codes that can
exploit current generation supercomputers is extremely dif-
ficult, and this problem is only going to get worse as we
move further into the exascale era. Architectures are going
to become more diverse and the scale much larger, resulting
in the direct programming of such machines needing to
incorporate decisions around parallelism at multiple levels
which will require significant expertise in many different HPC
technologies. Domain scientists and engineers neither have the
knowledge or interest in manually dictating such low level,
tricky details in their code and, put simply, they would much
rather be doing their science rather than having to concern
themselves with intricate details of parallelism.

Many in the HPC community agree that Domain Specific
Languages (DSLs) are one way in which this challenge can
be solved and have an important potential role in future HPC
software development. While the term language can be off-
putting, in the past few years DSLs have been commonly
delivered as domain-specific abstractions, making them far
more attractive. Typically embedded within existing languages,
such as Python, C++, or Fortran, the programmer exploits
domain-specific abstractions to write problem specifications
driven by their science rather than detailing exactly how this
is to be implemented at the lowest levels.

Abstracting the scientific programmer from these tricky,
low-level details of parallelism and locality not only sig-
nificantly improves programmer productivity but has also
been repeatedly demonstrated to increase performance. This is
because, by leveraging the rich domain knowledge encoded by
the programmer, the compilation toolchain can make effective
parallelism choices, such as where to schedule components
and how these should communicate. Furthermore, if the DSL
is designed correctly, then the programmer is able to express
their workload in an architecture independent fashion, thus
making portability across architectures accessible, with the
compilation toolchain doing much of the heavy lifting.

A. Siloed toolchains: A major drawback of DSLs

Given the benefits of DSLs, a question is why they are
not ubiquitous and why do programmers still use technologies
such as MPI, CUDA, and OpenMP directly? One significant

blocker is the siloing of underlying compilation toolchains.
This is where DSLs are frequently developed in isolation,
requiring significant investments of effort on behalf of DSL de-
velopers because there is little or no intermediate abstractions
or infrastructure shared between projects. This is bad for DSL
developers as it can require significant time and resources to
bring new abstractions to production, resulting in a relatively
large software stack to be maintained and extended which
can be especially challenging when considering portability to
new architectures. Moreover, the provision of additional tools
such as debuggers and profilers can often require considerable
integration work if even possible.

For scientific software developers considering whether to
use a DSL or not, this siloing is very disadvantageous as
it represents risk. Whilst the DSL’s abstractions might be
appropriate, there can be serious concerns over long term
maintenance and whether the DSL will target future gener-
ations of supercomputer architectures. This can be especially
concerning if a DSL has been developed by a small group and
grown organically, without the guarantee of long term funding.

II. OUR SOLUTION: A COMMON ECOSYSTEM BUILT ON
LLVM AND MLIR

Recent advances, e.g. Multi-Level Intermediate Representa-
tion (MLIR) [1] and LLVM [2], provide potential technologi-
cal solutions to this problem of DSL toolchain siloing. LLVM
is a collection of modular compiler and toolchain technologies,
and LLVM backends are provided by the community, and
vendors, for a wide variety of hardware. Each of these accepts
LLVM’s Intermediate Representation (LLVM-IR) of a user’s
code and transforms it to a form that will execute on target
hardware. Consequently, a compiler developer can write a
front-end for a language which generates LLVM-IR, and this
will then be able to execute across a wide variety of hardware
by selecting appropriate LLVM backend(s).

A challenge is that LLVM-IR is low level, requiring a
significant number of transformations between the high level
representation of user’s code and LLVM-IR. To address this
MLIR, a technology for intermediate representations, was
developed by Google. In addition to providing a series of IR
dialects and transformations, MLIR is also a framework where
developers can add their own. By targeting the transformation



of user code into higher level dialects, these can be mixed
and manipulated at different levels of abstractions, enabling
progressively lowering the abstraction level to LLVM-IR.
Much of this lowering it undertaken by existing dialects
and transformations, thus significantly reducing the overall
software effort needed by the compiler developer.

There are two further benefits of LLVM and MLIR, firstly
because these are supported by large communities and backed
by some of the worlds largest technology companies, the future
of such technologies is secure. Secondly, a wealth of third
party tooling, including debuggers and profilers, exists.

However, in their current form these technologies are com-
plex to use and require a significant learning curve. To address
this and lower the barrier to entry we have developed a Python
based toolbox for MLIR, known as xDSL, where dialects
and utilities can be conveniently expressing in Python and
seamlessly converted to and from the existing MLIR C++
framework. Figure 1 provides an illustration of our xDSL
ecosystem, where the Python toolbox is illustrated in blue
and building on-top of LLVM and MLIR in grey. The core
component of our toolbox is IRDL [4], which a Python-based
domain specific language for expressing and manipulating
MLIR dialects, and on-top of this we provide utilities such as
enabling transformations between dialects and parsing. There
are several simple, foundational dialects provided by MLIR
and their Python counterparts are also provided by xDSL using
IRDL to express them. There is a considerable amount of
mechanism provided too so that developers can easily specify
their own dialects and transformations in Python with xDSL
handling associated complexities.

Fig. 1. Illustration of xDSL technology stack. All aspects, apart from MLIR
and LLVM are provided by xDSL but with the dialects mirroring their MLIR
counterparts where available.

At the top of figure 1 it can be seen that there are various
dialects (and associated transformations) represented by green
and red boxes. Those in green are already provided, in red are
those which are planned for development. Crucially we do not
dictate how the stack should be used, instead DSL developers
can pick and choose which dialects and transformations are

appropriate for them and mix these as required. By doing so
they are able to take advantage of the existing transformations
and optimisations that have been provided and ultimately
result in executable code targeting a wide variety of platforms.
Furthermore, if they need to, they can define their own dialects
and transformations in Python using IRDL and our framework.

Consequently, our xDSL ecosystem is a combination of
the Python based toolbox enabling convenient expression of
dialects, transformations, and easy integration with MLIR, as
well as numerous HPC focused dialects. DSLs then become a
thin abstraction layer on-top of this existing infrastructure.

A. Case study: Integrating xDSL with a Fortran DSL
PSyclone [3] is a Fortran-based DSL developed by STFC

and in use by the Met Office for several of their weather and
climate models. Providing a separation of concerns between
the scientific application and mechanisms of parallelism, PSy-
clone is currently provided by an entirely bespoke compiler
infrastructure resulting in the disadvantages highlighted earlier.

Fig. 2. Illustration of PSyclone xDSL integration. The boxes and text in green
are the contribution of xDSL, with a backend developed to generate xDSL
Fortran dialect.

Figure 2 illustrates the integration of xDSL with PSyclone,
where a user’s Fortran source code is first parsed by the
existing PSyclone tooling before being passed to our xDSL
PSyclone backend. This generates a representation of the
user’s code in our Fortran xDSL/MLIR dialect, before a series
of existing Fortran and optional PSyclone specific transfor-
mations can be applied. Figure 2 provides an example of
targeting GPUs via transforms which incorporate the GPU
dialect, targeting distributed memory by first mixing the PGAS
dialect and then converting this into the MPI dialect, or FPGAs
via the Lucent (FPGA) dialect. Regardless, the dialects are
then transformed into the appropriate LLVM-IR form which
will be used as input to the appropriate hardware backend.

Crucially, from the perspective of PSyclone, we are reusing
the existing Fortran, GPU, PGAS, MPI, and Lucent dialects
as well as transformations, optimisations, and conversion into
LLVM-IR. Consequently PSyclone integration has required a
new backend in the existing PSyclone toolchain to generate
the initial xDSL Fortran IR, and optional PSyclone xDSL
transformations which can be plugged in.

III. COMMUNITY INVOLVEMENT

xDSL is open source and we welcome contributions
and users, see https://www.xdsl.dev and https://github.com/
xdslproject for details.
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