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Abstract

When the MLIR project was first introduced, it promised
to address the issues that the HLS community had with
the LLVM project. But is this really the case, and is MLIR
the "right"/"best" compiler infrastructure for HLS? We here
share our experiences based on the development of Dyna-
matic (github.com/EPFL-LAP/dynamatic).

1 Introduction

The LLVM project [1] has been a foundation for many
open-sourced and commercial high-level synthesis (HLS)
projects [2-7], that compile high-level software code to RTL.
However, LLVM is not ideal for HLS tools [8]: the IR cannot
be customized to represent circuits, which forces HLS tools
to create custom and hard-to-reuse IRs for circuits.

MLIR [8, 9] promises to solve this issue: it introduces a
standard way to define, create, analyze, and transform cus-
tom IR operations. With MLIR, HLS developers can overcome
the rigidity of LLVM IR: they can define high-level IRs that
benefit from high-level transformations or low-level IRs with
circuit semantics. For custom IRs, MLIR provides some de-
fault C++ routines for creating and manipulating IR objects,
dumping and parsing their textual format, and so on. This
greatly reduces implementation overhead and encourages
interoperability between the MLIR-based tools.

As some of the main developers of Dynamatic [4, 5]—
an MLIR-based HLS tool—we acknowledge and leverage
its abovementioned benefits. Yet, we have also recognized
some features of it that create obstacles. This paper shares
with the LATTE community the issues we encountered with
MLIR (as of version d8eb4ac): the IR definition, analysis,
and transformation, and integration between different MLIR-
based HLS projects. We believe that our observations are
general and go beyond HLS MLIR projects. We hope that
these findings will bring new insights and discussions in the
MLIR community and help the developers to make better
decisions for future HLS tools.

2 Background

This section discusses the relevant background of MLIR and
Dynamatic.

MLIR [9] is a compiler infrastructure that helps define
custom IR (called dialects) and transformation passes. The
IR contains operations, which consume and produce values.

Dynamatic produces dataflow circuits [10, 11], which con-
sist of dataflow units of instruction granularity connected
via handshake channels; the data is encapsulated in a token,
exchanged via handshake channels. In dataflow circuits, op-
erations execute whenever their inputs are valid. Therefore,
Dynamatic produces dynamically-scheduled circuits that
have a performance advantage whenever the control flow or
memory access pattern is unpredictable [12-14]. Dynamatic
is an MLIR-based compiler: it represents units and channels
as operations and values in the specialized handshake dialect.

Dynamatic has evolved beyond a research prototype: It
forms the basis for numerous publications [11-37]—many of
which have been incorporated into the main HLS flow [11-
13, 15, 16, 21-25, 28, 32]. We have held multiple tutorials and
talks in technical conferences [5, 38]. Dynamatic merges ap-
proximately 30 pull requests (PR) every month into its main
branch, and every PR is monitored with an automated CI/CD
pipeline to prevent compilation errors or performance regres-
sion. Code contributions from less experienced developers
will receive detailed reviews and feedback.

3 Building an MLIR-Based HLS Compiler
in an Academic Setting

We acknowledge the significant advantages of using MLIR
as the basis for an HLS project in an academic setting. Dy-
namatic is mainly built by student developers. Many of us
have an electrical engineering background, and we are not
professionally trained software developers; often, we are
unaware of best software practices. MLIR helps us overcome
this challenge: it provides insight into how a complex object-
oriented programming architecture works in practice, and
its organization has inspired us to create a modular, easy-to-
understand tool. These benefits enable us to dedicate more
development effort to HLS-specific features.

However, we also recognize that MLIR has features that
create obstacles for HLS tools, as we discuss next.

4 Limitations of MLIR for Open-Source
HLS Projects and Case Studies in
Dynamatic

This section discusses the issues that we encountered when
building the Dynamatic HLS tool on top of MLIR.


https://github.com/EPFL-LAP/dynamatic
https://github.com/llvm/llvm-project/tree/d8eb4ac41d881a19bea7673d753ba92e6a11f5d6

4.1 MLIR Value is Not a Fit for Modeling Graph
Edges

Modeling software IRs or circuits as graphs is a common
practice [39]. Some information naturally belongs to the
nodes, and some belongs to the edges. MLIR allows annota-
tions (called attributes) on operations. However, no attribute
can be attached to MLIR values, representing data exchanged
between operations. How does an MLIR HLS framework an-
notate edge information?

Case study 1: memory dependencies. Figure 1 describes a C
program and a fraction of the corresponding MLIR. There is a
potential read-after-write dependency between store3 and
load2 from the following iteration. This dependency is typi-
cally determined by software IR analysis; a dependency edge
between the store and the load is annotated with the depen-
dence distance and used as an HLS scheduling constraint to
guarantee correct operation order. As MLIR disallows edges
or operation pairs to be annotated, this information must be
represented in a non-standard and non-intuitive way.

Dynamatic uses alias and polyhedral analysis to determine
the dependency pairs between memory accesses [13, 15]. To
maintain this information in the HLS flow, Dynamatic as-
signs every operation a unique name, maintains the name
throughout the HLS pipeline, and uses a hard-to-read format
to represent the dependency. For correctness, Dynamatic
must additionally ensure the validity of the dependency by
guaranteeing that every transformation preserves the pair-
wise validity of the names.

Case study 2: recording software profiling. Software profil-
ing is typically used in HLS to determine operation execution
counts and sequences (e.g., for early performance estimates
or targeted optimizations of frequently executed constructs).
Although this information is naturally attributed to control-
flow edges between basic blocks, there is no standard way
to annotate control-flow edges in MLIR.

Dynamatic relies on software profiling to identify the
frequently executed loops that should be prioritized in opti-
mization [16, 22]. This information could have been recorded
on the output edges of the branch units (see the cond_br
nodes in Figure 2b). Yet, since MLIR does not allow value
annotation, Dynamatic had to rely on an external CSV file
to hold this information.

Proper edge-annotation support in MLIR would alleviate
these issues.

4.2 Are Block Arguments Convenient
for HLS Conversion?

In an HLS flow, we need to convert a software representa-
tion into a circuit. In particular, we have to convert SSA ¢
nodes (representing a conditional assignment) into multi-
plexers. Is this conversion straightforward in MLIR?

void histogram(in_int_t feature[1000], in_float_t weight[1000],
inout_float_t hist[1000], in_int_t n) {
for (int i = 0; i <n; ++i) {
int m = feature[i];
float wt = weight[i];
float x = hist[m]; // -> "name = load2"
hist[m] = x + wt; // -> "name = store3"

(a) A program with a read-after-write (RAW) dependency.

%9 = memref.load %feature[%8] {
handshake.name = "load2"
} : memref<1000xf32>

// The dependency information, which conceptually
// is an edge "store3 -> load2" is annotated
// on the node in an awkward way.
memref.store %10, %feature[%11] {
handshake.deps = #handshake<deps[["load2", 111>,
handshake.name = "store3"
} : memref<1000xf32>

(b) The produced MLIR snippet.

Figure 1. Annotating edge information in MLIR is tricky.

“bb1(%3 : 132, %4 : i32):

%5 = addi %3, %2 : i32

%pred = cmpi slt %4, %5 : i1
cf.cond_br %pred, *bb2(%5) , “bb3(%5)

(a) (b)

Figure 2. Dynamatic aims to translate software IR (left) to
dataflow circuit (right).

Case study 3: convert block arguments to multiplexers.
Figure 2a describes a basic block in the ControlFlow di-
alect (a built-in MLIR dialect for representing sequential
programs); it begins with an identifier (bb1) with the block ar-
guments (%3, %4) and ends with a conditional branch. MLIR
represents the ¢ nodes with these block arguments [40]. This
representation has the following issues for the software to
circuit transformation: (a) The block arguments are values
with no producer. (b) The branches collect the outgoing val-
ues, but these values are disconnected from the successor
blocks. The former issue makes pattern rewriting—the stan-
dard method for converting between dialects—a poor fit for
this conversion, as there is no operation to match. The latter
issue makes locating the inputs to the multiplexers unnec-
essarily complex: unlike an LLVM ¢ node, where the input
values from the other BBs are directly accessible, to obtain
the same information, we need to first locate the parent BB,
the branch, and then the values fed into the branch.

Dynamatic uses MLIR’s pattern rewriting to carry out this
conversion. We acknowledge that this solution is not ideal
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Figure 3. Integrating two MLIR projects is challenging.

since the rewrite must operate on the entire function (which
defeats the purpose of the local rewrite rules).

4.3 Have We Solved the Software Segmentation
Problem?

MLIR promises to resolve the software fragmentation prob-
lem by allowing the compiler projects to reuse each other’s
transformation passes. This might be true within the offi-
cial MLIR repository, as the maintainers have a coherent
view on how the segments would work together. However,
many projects are not inside the upstream MLIR project, for
example, CIRCT [41], Polygeist [42], Dynamatic [4], MLIR-
AIE [43], etc. Can we smoothly integrate these projects?

Case study 4: implement a transformation pass for dialects
maintained in two GitHub repositories. Figure 3 describes
simplified architectures of two MLIR-based projects. These
projects implement two different dialects, A and B. Suppose
that we want to implement a new MLIR pass that converts
dialect A to B. It is conceptually infeasible if the implemen-
tations of dialects A and B are dependent on two different
LLVM projects with mismatching APIs (compilation error in
either MLIR versions).

Dynamatic implements a custom translation pass that con-
verts the handshake dialect into the XLS MLIR dialect [44].
Since it is impractical for us to constantly update and syn-
chronize Dynamatic’s LLVM version with XLS (which is
updated daily), this feature has a risk of getting outdated
very quickly.

4.4 Do We Have a Good HLS C Frontend
that Encourages People to Build New HLS Tools?

An HLS frontend converts C code to IR, applies IR optimiza-
tions, and annotates important information for circuit gen-
eration. Is there a C frontend for MLIR that satisfies all these
requirements?

Case study 5: The status of C-to-MLIR conversion. Some
projects convert C to MLIR: Polygeist converts C AST to
MLIR SCF dialect; the CIR project in Clang converts C AST to
a CIR dialect (a dialect that models the C semantics). These
solutions alone do not provide fine-grained IR optimizations,
making them non-competitive with LLVM-based HLS com-
piler frontends.

Case study 6: The reliance on LLVM. Since LLVM provides a
set of powerful and well-tested IR optimizations, most MLIR-
based projects eventually lower their custom dialect to LLVM
IR to benefit from LLVM IR optimizations. The ability to
exploit the LLVM IR removes the incentive to implement the
same optimizations in MLIR. Unfortunately, it also introduces
all LLVM limitations into the compiler pipeline that MLIR
aimed to avoid in the first place.

Since the existing MLIR C front-ends are not competitive
with LLVM-based ones, Dynamatic is therefore still reliant
on the LLVM IR for this process. We have to use custom
workarounds for performing memory analysis and infer the
array sizes from the original C code—these workarounds,
difficult to implement in the rigid LLVM framework, would
fit naturally in the MLIR compiler flow.

5 Beyond HLS

Although we have here focused on our particular use case
and HLS experiences, we believe that the issues above are
general and go beyond just HLS MLIR projects: (1) Both soft-
ware and hardware compilers routinely exploit edge-specific
information (e.g., memory dependencies, branch probabili-
ties) and may suffer MLIR’s limited expressiveness discussed
in Section 4.1. (2) The SSA challenge of Section 4.2 is primar-
ily hardware-oriented; yet, the lack of ¢s may complicate IR
optimizations and analyses based on use-def chains and data
dependencies in software compilers as well. (3) The software
segmentation problem of Section 4.3 is perfectly general and
applies to any MLIR project. (4) Any compiler flow that uses
C as the input language suffers from the limitations discussed
in Section 4.4.

We therefore believe that addressing these concerns would
benefit the general MLIR community.

6 Conclusion

We discussed some major features of MLIR that lead to fragile
workarounds in Dynamatic. We look forward to discussing
the lessons learned and the future development of MLIR-
based HLS projects with the LATTE community.
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