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Resumo

Dataflow (fluxo de dados) é uma familia de modelos de computacao que oferece uma
forma intuitiva de programacao paralela. Apesar de ser considerado uma boa solugao
para a implementacao de programas paralelos, particularmente na area de processamento
de sinais digitais, ele ainda nao é muito difundido em outras areas de sistemas de compu-
tagao. Este projeto almeja aproximar a pesquisa em dataflow do estado da arte da area de
Compiladores através do uso do MLIR, um alicerce de desenvolvimento de compiladores
que permite a criacao de representacoes intermedidrias modulares e intercompativeis, na
implementacao de um compilador dataflow. A implementacao atual suporta o escalona-
mento de grafos SDF para dispositivos single-core. Ela contém um parser para uma uma
linguagem de descricao de grafos baseada em DIF; um novo dialeto de representacao in-
termediéria para grafos dataflow baseado em MLIR; e um alicerce para o desenvolvimento
de cooptimizagdes grafo/ator, incluindo uma nova técnica de cooptimizagao que permite
eliminagao de cédigo morto pré-escalonamento. O compilador foi testado com miiltiplos
algoritmos reais e demostra ganhos promissores em desempenho e uso de memoria. O uso
do MLIR também abre diversas oportunidades de pesquisa, ja que ele tem relacao com
muitos projetos em computacao paralela.



Abstract

Dataflow is a family of models of computation that allow for intuitive parallelism from
design time. Despite being considered a good solution for the implementation of par-
allel programs, particularly in the field of digital signal processing, it has not yet met
widespread adoption. This work seeks to bring dataflow research closer to the current
state of the art in compiler technologies by using MLIR, a framework focused on the
creation and manipulation of intercompatible intermediate representations, in the im-
plementation of a dataflow compiler. The current implementation provides support for
the scheduling of Synchronous Dataflow graphs for single-core targets. It contains a
parser for a DIF-based graph specification language, a custom MLIR-based IR dialect for
the internal representation of dataflow graphs, and a framework for the development of
graph /kernel cooptimizations, including a novel co-optimization technique that enables
ahead-of-schedule dead code elimination. It was tested with several real-world algorithms,
showing promising results in performance and memory usage. The use of MLIR also paves
the way for many research opportunities, as it is related to several parallel computing
projects.
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Chapter 1

Introduction

Nowadays, parallelization is the most effective way to scale the performance of computing
systems. With the slowing down of improvements to processor speeds, the only way to
accelerate computation is to split it up spatially among multiple devices (vectorization
units, processor cores, accelerator cards, external computers in a network). However, this
is a delicate and error prone task: manual parallel programming requires considerable spe-
cific knowledge and depends heavily on the application and hardware in question. Each
of the common venues for parallelization has their own gotchas and pitfalls: vectoriza-
tion instructions and acceleration devices are limited by bus and memory bandwidths,
multi-threading and tasking solutions need to deal with deadlocks and data races, and
distributed systems must account for lossy, high-latency or unreliable networks. All of
these have their own specific, incompatible programming frameworks, and have differing
levels of applicability for any given workload.

A programming paradigm that addresses these issues is the dataflow network. Unlike
other strategies such as tasking, dataflow networks rely on rigorous mathematical descrip-
tions of the transformations applied to the data, providing guarantees that facilitate the
automatic identification of data and task parallelism. This means that, once described as
a dataflow network, a program can be easily and optimally compiled for a wide variety
of targets and architectures, including not only classic von Neumann architectures, but
also distributed systems and acceleration hardware such as GPUs and TPUs. However,
the currently available dataflow frameworks are numerous and do not offer much in terms
of interoperability, having generally been designed for domain-specific purposes such as
Digital Signal Processing (DSP). As there is no universally recognized industry standard
for dataflow programming yet, there is still significant resistance to its adoption.

In this work, we address these adoption problems by creating a complete dataflow
compilation flow that is integrated with a mainstream compiler framework (LLVM). In
particular, we adopt the recently released MLIR, a toolset for the creation of modular
intermediate representations that allows for powerful manipulation of abstractions inside
of a compiler. MLIR’s focus on compatibility and reuse makes it especially suited for
our use-case, as it enables the versatility of dataflow networks to be used in many dif-
ferent contexts; it is also modern and actively adopted by major players in the current
parallel computing landscape, particularly in machine learning and hardware acceleration
contexts, despite being relatively recent.
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The contributions consist of:

A parser for a DIF-based SDF graph specification language;

An MLIR dialect for dataflow that contains all abstractions required for the speci-
fication of SDF graphs;

A compilation flow that generates a single-core SDF schedule;

A co-optimization pass that performs dead code elimination on unused outputs of
kernel functions specified in C;

e Experimental analysis of the performance and memory usage characteristics of the
generated executables in example applications;

e A comparison with the results of the state-of-the-art in Integrated Development
Environments (IDE) for static dataflow.

We chose DIF [29] as a basis for our input language for its simplicity and relative wide
adoption among dataflow projects. We focus on the SDF model of computation as a first
step for the fact that its performance benefits rely on static analysis, which MLIR is well
equipped to tackle, and the availability of reference works to compare against, by projects
such as PREESM [46].

As the compiler is designed as a proof-of-concept and starting point for future ex-
tension, it currently provides only a single-core scheduler; the development of multi-core
scheduling strategies is a complex subject, and as such we prioritized the development of
other key parts of the pipeline, such as the co-optimization infrastructure.

We have co-authored an article |[17] that covers the dead code elimination co-optimization,
already accepted and pending publication in the SiPS 2022 conference proceedings.

A brief summary of this dissertation’s chapters follow. In Chapter 2, we cover the
field of Dataflow, its main abstractions and state of the art. In Chapter 3, we cover the
characteristics of MLIR and its place in the current research environment. In Chapter 4,
our main contributions, collectively named IlaRa, are covered in detail. In Chapter 5, we
show experimental results. Chapter 6 concludes this dissertation.
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Chapter 2

Dataflow Programming

Dataflow is a family of Models of Computation (MoCs) that addresses the demand for ab-
stract representation of parallel programs, being related to the similar stream processing
and reactive programming paradigms. Being agnostic to the underlying parallelization
mechanism, it is applicable in a broad range of situations; nowadays, it has found appli-
cation in the fields of hardware design and machine learning. The concept of representing
data transformation as a flow graph is considerably old; it was a popular topic in hardware
research in the 70’s and 80’s, and has existed as a programming paradigm as far back as
1960 [31]. Since dataflow is well-suited for graphical representation, it was also a popular
subject for visual programming research [53].

A B 01 >

i1

4 ¢ o2 >

Figure 2.1: An example of dataflow network (specifically, a SDF graph, with fixed data
rates on each port)

Dataflow models represent algorithms as directed graphs, as shown in Fig. 2.1, where
nodes (“actors”) represent processing steps and edges represent queues (first-in-first-out
data structures, or FIFOs) that transport data between each processing step. Each actor
represents an operation that can be activated (“fired”) to do work; each firing consumes a
quantity of values (“tokens”) from its incoming edges and produces output tokens into its
outgoing edges. These actions are regarded as black-boxes, and treated as indivisible units
of work. By scheduling these actors to fire in a suitable order, the inputs flow through
the graph from edge to edge as they are transformed, reaching the sink nodes as the final
output of the algorithm. As this representation naturally encodes the data dependencies
between each part of the algorithm, the task of selecting parallelizable regions becomes
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simple enough that it can be done automatically, either by a dynamic runtime or statically
at compilation time.

2.1 Models of Computation

There are different levels of generality when implementing dataflow systems. Each suc-
cessive level increases the expressiveness and flexibility of the system, but sacrifices some
property that could be taken advantage of for compile-time analysis. These levels have
been formalized as Models of Computation (MoCs), and they relate to each other as

shown by Fig. 2.2]

Dynamic
DPN KPN
Quasi-Static
Static
Interfaced

CSDF iISDF piSDF
SDF pSDF
bSDF

Figure 2.2: An Euler diagram showing the capabilities of each MoC; outer sections are
more expressive but require more resource-intensive runtimes.

2.1.1 Static MoCs

Synchronous Dataflow is the most constrained of the Models of Computation. By
requiring the number of tokens an actor consumes and produces at each port to be the
same for every activation, the behavior of the system becomes predictable and an efficient
schedule is deducible at compile-time. Such schedules have the advantage of not having to
rely on overhead-heavy dynamic runtimes, which can be valuable in resource-constrained
or real-time applications.

2 2
Average 3

Figure 2.3: An example SDF graph implementing a low-pass filter. The numbers denote
the amount of tokens consumed/produced by each edge at each firing.

Figure shows a simple example of SDF graph that implements a smoothing filter.
On each firing, the Average 3 actor calculates the mean of the three received values, sends
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the average to the output node, and sends the two most recently produced values back to
itself, to be used in the next firing. These values are stored in the FIFO queue associated
with the self-loop, which in this case needs to have space for at least 2 values. FIFOs
that form loops must be initialized with values (“delays”), so that dependent nodes can
fire the first time.

Scheduling SDF networks can be done by working with topology matrices, which de-
scribe the relationship between nodes and edges by encoding their consumption/produc-
tion rates as positive and negative elements. For example, the network in Figure
would have a topology matrix of the following form.

a -b 0

c 0 -d
' =

0 e -f

0O 0 O

Each column represents a node and each row represents an edge. If a node produces
values into an edge, the corresponding element is positive; conversely, if a node consumes
values from an edge, the element is negative. A self-loop such as the one on node B should
consume and produce the same amount of tokens each firing (otherwise, the buffer would
overflow or underflow), and so the corresponding row cancels out and equals zero.

Lee and Messerschmitt [35] describe a method to determine if a periodic schedule
is possible, by analyzing the topology matrix, and provide an algorithm to efficiently
generate both single- and multi-threaded schedules. There is generally a trade-off between
period length and edge buffer size (referred to as throughput-buffering trade-off), as longer
periods allow for more size-efficient routing when the data rates on each edge don’t match
nicely.

It should be noted that this algorithm does not provide an optimal schedule, only an
approximated one, with the constraint of being periodic. The calculation of the maxi-
mum throughput for a given dataflow graph is a theoretically difficult problem, even for
highly constrained MoCs such as SDF, and algorithms that find an optimal scheduling
in the general case have exponential complexity [25] [52]. However, the approximations
generated by this algorithm are often good enough, and competitive with hand-made
parallel schedules. This model has been successful for digital signal processing (DSP)
applications, as many common protocols and algorithms have fixed packet sizes that are
data-independent.

Some works define further constraints to SDF. Single-rate SDF (srSDF) includes the
constraint that all edges must have matching input and output rates; this means that all
nodes in the network fire at the same rate, on average |11]. Homogenous SDF (hSDF) is
a further constraint where the rates of all ports in the network are equal to one, which
means that a single-threaded schedule consists of simply executing the actors in topological
order. These variants can generally be converted between each other, with exponential
size trade-offs.

Cyclo-static dataflow (cSDF) is a generalization of SDF that allows for actors to peri-
odically change the amount of processed tokens per activation, as long as this change is
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cyclic and predictable. This additional capacity is useful, for instance, for protocols that
employ some sort of serial, known-length transmission; the behavior of the actor when
processing headers/footers may be different to the behavior when processing the payload.

p=256 p=256 p=257
1) (1111 0,0,0,...,1 0,0,0,..1
1) ) L '3 Checksum | ) ) M)
Input Split | | Merge Qutput
(1) (111,1..0)
p=257

Figure 2.4: An example cSDF graph that appends a checksum after each string of 256
values. The p values denote the length of the rate lists.

In the example of Figure [2.4], each actor input and output is labeled with a list of rates.
Each sequential firing of the actor consumes a number of tokens given by the values in
the list, starting over from the beginning when the end is reached. Here, for every 256
input tokens, the Checksum actor produces a single token. The Merge node first passes
along the 256 values unchanged, and then the checksum token. It is always possible to
transform such a model into a single-rate equivalent, at the cost of higher node counts
and queue sizes. A method that does not require such a reduction is described by Bodin
et al [12].

2.1.2 Quasi-Static Dataflow

Static MoCs are limited to applications where the input data is homogeneous and pre-
dictable. To work around this, extensions to SDF and ¢SDF have been developed that
break the pure static schedulability to permit occasional data-dependent tuning of each
actor’s data rates. This is especially useful in cases where the algorithm is mostly syn-
chronous, except for some initial or final configuration phase.

Boolean Dataflow (bDF) allows for special control edges in the graph representation
that can switch the behavior of connected actors. It has been proven to be Turing-
complete [14], but it is not very practical to use in real life applications, as the design
process can be complex and unintuitive.

Parameterized SDF (pSDF) is a generalization of bDF models that allows the control
edges to have arbitrary numeric values. To be able to maintain efficiency at runtime, some
knowledge of which information can change and at which times must be provided by the
programmer; this information takes the form of special parameter edges in the graph
representation of the algorithm, which do not correspond to FIFO queues but to “control
channels” that are only updated sporadically, at known points of the execution. These
channels are used to reconfigure the scheduler at runtime, but they otherwise remain
constant and allow the schedule to execute at full efficiency.

An example would be an algorithm that can apply a transformation on an image,
without knowing the size of the image a priori; this information is provided at the start
of the process and used to automatically reconfigure the actors and queue sizes for the
new image.
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This MoC has been explored by a number of works, including Bhattacharya et al. 8]
and Desnos et al. [20].

Parameterized /Interfaced SDF (piSDF or #SDF) is an extension to pSDF that in-
cludes a hierarchical structure to the graph; instead of representing actors as simple
atomic executions of a black-box procedure, this MoC defines a sub-graph hierarchy that
enables efficient design reuse. This allows the definition of interfaces between hierarchy
levels, including the types and rates of inputs, outputs and parameters. This is described
by Desnos et al. [20] as an instance of PIMM, a meta-model that could apply the same
hierarchical structure to other MoCs.

2.1.3 Dynamic Dataflow

Dataflow Process Networks (DPN), also known as Dynamic Dataflow [36], is a more
general model that allows for completely data-dependent execution. As such, static
scheduling is impossible, and therefore this model depends completely on a runtime to
allocate the firing of each actor.

2.2 Dataflow Programming Languages

The following is a selection of previous works that aim to represent dataflow graphs in
textual form, with differing levels of expressiveness and different supported MoCs.

LUSTRE [27] is a programming language for SDF that emphasizes synchronous signals
and state transitions. Each value is modelled as a signal with a defined value at each
point in discrete time, and the relationships between signals are declaratively defined as
functions of the values at previous times. It includes a robust static checker that accounts
for the unique mathematical properties of the system (referred to as clock calculus).
Since 1993, it has found use in the industry as the software base for critical embedded
systems [7], such as aircraft and nuclear power plants. The project is still being worked
on academically, by the Verimag Laboratory of Université Grenoble Alpes [30].

SIGNNAL |37] is a similar language that allows description of systems with multiple clocks,
as opposed to the global clock of LUSTRE. It also defines signals by their relations to
one another, but includes a more formal proof system to derive the implementations from
the user-defined relationships. It was also designed to work with a block-diagram based
graphical user interface, a relative novelty at the time of publication. It is still being
worked on, as part of the Polychrony toolset [34].

CAL [22] is a dataflow language created as part of the Ptolemy project. It supports the
DPN model, and is intended to be used in a wide array of applications, from heterogenous
network processing to DSP.

RVC-CAL is a subset of CAL defined by the Moving Picture Experts Group (MPEG)
Reconfigurable Video Coding (RVC) standard [10]. It features a more strict type system
and more restricted constructs than CAL, in order to facilitate hardware and software
generation. It was developed in order to provide a better medium to represent reference



19

implementations of media encoders and decoders, which had been traditionally repre-
sented in the C language and similar.

DIF [29|, or Dataflow Interchange Format, is a text-based language intended to be used
to encode dataflow network specifications, especially ones designed by graphical tools. It
is not geared towards any specific MoC, being compatible with SDF, ¢cSDF, boolean and
parameterized dataflow, as well as capturing network hierarchy ("interfaced" dataflow). It
also provides an unconstrained specification, that could in principle be used for dynamic
dataflow MoCs such as DPN. It is intended to be easily generated and parsed by tools,
and also to be easily read and written by humans. The DIF project also includes Java
tools for working with the DIF language, including conversion between compatible MoCs
and some implementations of established algorithms.

HoCL [49], the Higher-Order dataflow Coordination Language, is a dataflow language
that supports advanced features such as polymorphic type inference. It supports many
different SoCs and comes with several backends, including DIF, Preesm, SystemC and
CAL. It is a successor to the CAPH [50| project, but it currently has no official academic
publication of its own yet.

2.3 Dataflow Runtimes and Compilers

As dataflow is applicable in a number of contexts, several compilers and frameworks have
been developed that support is. A non-exhaustive of projects relevant to the state-of-the-
art follows.

The Ptolemy project [23| consists of studies in heterogenous computing, including,
but not limited to, several dataflow MoCs. It is an attempt to supply an environment
for the entire design and operation processes, and is built to be compatible with several
different tools, systems, programming languages, frameworks, and MoCs. It sought to
allow interconnection between different systems using object-oriented concepts, which
were very popular at the time of the project’s creation. The project includes a SDF
scheduler and a DPN runtime; furthermore, it allows mixing the two (and other, non-
dataflow MoCs) when designing a system, so that the pros and cons of each can be
balanced as required by the application. The current iteration of the project consists of
the Java-based Ptolemy II, which is being actively developed and is used in production
by a number of projects, such as Kepler [2], a scientific computing framework.

Grape-II [33] consists of a rapid prototyping toolchain for DSP systems, intended to
provide effortless estimation of the cost and resource usage of the design. It supports
both HDL synthesis and code generation for DSP systems, and also includes a graphical
editor, where the user can connect heterogenous components (such as DSP processors,
FPGAs, etc.). The behavior of the prototypes can be simulated using the included SDF
and ¢SDF schedulers.

Preesm [46] is a dataflow framework geared for rapid prototyping of DSP programs,
particularly Texas Intrument’s multicore devices. It includes an Eclipse-based graphical
interface and optimizing compiler that generates executables starting from user-defined
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piSDF actor implementations, provided in C/C++. It is bundled with Spider [2§], a
runtime for the piSDF MoC that is intended for the development of parallel programs
on DSP processors. It is presented as a direct alternative to OpenMP, a parallelization
library for the C, C++ and Fortran programming languages.

Open Dataflow [9)], is a dataflow runtime and compiler for dynamic dataflow based
on the RVC-CAL language. Besides offering an environment for the execution of DPN,
it offers three compilation backends, generating HDL, SystemC-compatible code, and
embedded C, respectively. Development on this project has gradually diminished in favor
of the Orcc project, and it is currently unmaintained.

Orcc [55], the Open RVC-CAL Compiler (Orcc) is an open-source IDE for dataflow
programming. It includes an Eclipse-based graphical editor for dataflow networks and
a multi-target compiler that supports both software and hardware languages. It is also
designed to support the use of the RVC-CAL language. The project supports a variety
of targets, including general purpose processors, embed processors, HDL, LLVM, C code
generation, etc. It also includes a built-in simulator that allows for easy validation of
network designs.

Streamlt [54] is a programming language and compiler framework designed for modern
streaming applications that defines a model very similar to a constrained version of SDF.
Being designed with user productivity and industry readiness in mind, not much effort is
made to relate the concepts used in the model with the formal definitions present in the
literature; however, the project includes concepts similar to piSDF’s reconfigurable actors
and DPN’s asynchronous messaging. It also defines novel concepts such as "information
wavefronts" that are used in latency calculations.

The MAPS project |15 provides a compiler infrastructure for heterogenous multipro-
cessing SoCs. It introduces CPN (C for Process Networks), a small extension of the C
language that provides the relevant dataflow abstractions, and a compiler extension for
the Clang compiler that supports it.

Our compiler, TaRa, overlaps with Preesm in functionality, in that it facilitates the
generation of performant executables starting from kernel code in C and a dataflow graph
description. In Chapter 5] we compare the performance and memory usage of executables
generated by Preesm and IaRa.

The next chapter covers MLIR, the framework upon which we’ve chosen to build IaRa.
It is part of LLVM, a compiler framework that is widely adopted in the industry; we expect
that this will be a differential that will help set [aRa apart from the works described in
this chapter.
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Chapter 3

The MLIR framework

The problem of optimizing code for parallel execution has been tackled multiple times
and from many different directions over the years. Projects such as OpenMP [18|, for
instance, allow you to generate parallel code by annotating sequential C or C++ code
with special markers that indicate parallelizable regions. Other projects have developed
their own solutions, such as the built-in coprocedures of Go |47] and the safety-oriented
thread management of Rust [38]. Similar variety can be seen in the hardware accelerator
camp, with projects such as the Nvidia CUDA framework [41] for general computing
on graphic cards being followed by AMD ROCm |[3|, Apple Metal [4] and the OpenCL
standard of the Khronos group [51]. As it can be imagined, many of these projects employ
common solutions that have been reimplemented at each instance, with differing levels of
interoperability. This poses an issue, as this makes it very difficult to port code between
different languages and target hardware platforms while maintaining performance and
ease of writing.

3.1 LLVM and its limitations

One of the most relevant projects in the current compiler landscape is LLVM [32], an
industrial-grade compiler infrastructure and toolset that addresses this portability issue.
One of its main features is the LLVM Intermediate Representation (IR). It consists of
a human-readable language that has a level of abstraction between the C language and
that of the assembly languages of common processor targets such as x86 and ARM, also
providing intrinsics for extensions such as SIMD intructions. Higher-level languages that
wish to use LLVM may simply emit LLVM IR and let the low level compiler handle the
work of producing highly-optimized machine code for supported target architectures. It
is relied on by the compilers of many general-purpose programming languages, including
C/C++ (through the Clang compiler), Rust, Swift, Julia and others.

One limitation of LLVM, however, is that while these languages often make full use
of the LLVM toolset, and therefore avoid the reimplementation of low-level parts of the
compiler flow, there is still a great deal of higher-level compiler logic that is similar between
different languages, which ends up being redone by each project from scratch. Some
examples are type systems, lifetime analysis, macros, generics, and meta-programming.
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At the same time, the popularization of machine learning created a demand for flex-
ible compilers that could target a large variety of hardware accelerators, which LLVM
IR was not designed to support. A number of competing IR standards for hardware-
accelerated machine learning arose, such as TensorFlow [1|, GLOW [48] and ONNX |[6].
Each hardware vendor also provides their own parallel programming interface.

3.2 MLIR as a solution for intercompatibility

These demands create a many-to-many relationship between programming languages,
compilation frameworks and target architectures that invariably leads to repeated work,
incompatibilities and loss of generality in the conversions between different formats and
layers of abstraction. Because each conversion step is completely incompatible with the
next, any potential optimization that spans more than one format needs to deal with the
implementation details of both formats, greatly multiplying the effort required.

To address this, the MLIR project was created; it allows for arbitrarily-defined domain-
specific IRs to operate together with each other within the same environment, implement-
ing all of the best practices in compiler design developed through the experience of the
LLVM team. Originally part of the TensorFlow project, it was deemed generally useful
enough to be accepted and merged into the LLVM project.

Instead of the assembly-language-inspired instructions of LLVM IR, MLIR code con-
sists of operations. Unlike instructions, operations are not restricted to single physical
actions in a processor; they can represent any kind of abstract information, and can
contain other operations in nested regions. This allows operations to represent complex
concepts such as modules, functions, and structured control flow. Custom types and at-
tributes can also be defined. To transform source code between different forms, passes
are defined, within a powerful trait system that allows for automatic parallelization of the
compilation flow.

Related operations, types, attributes and passes are grouped into namespaces, termed
dialects. Developers are free to select which dialects are relevant and allowed to interact
with their operations and passes, and to define and share their own dialects. MLIR
currently provides built-in dialects for control flow, memory management, arithmetic and
tensor operations, function and scope management, parallelization, and other concepts
that are useful for general-purpose compilers. One of these dialects maps directly into
LLVM IR, and is commonly used as a target by projects that wish to leverage the existing
framework around it.

MLIR code can carry and transmit as much abstract data as is convenient, as deep into
the compilation pipeline as necessary. Take, for instance, the common case of transforming
an abstract matrix multiplication into real code, by either transforming it into a nested
loop to be executed in a CPU or by offloading it to an accelerator. Traditional pipelines
provide only two possibilities: that the code be annotated ahead of time with vendor-
specific syntax or function calls, requiring the developer to decide ahead of time how to
compute the multiplication and limiting portability; or to write the nested loop normally
and then, further down the compilation flow, rely on some pattern-matching tool to
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recognize it as a matrix multiplication and replace it with the accelerator call. Since
MLIR allows the operation to remain abstract, even as the surrounding code goes through
the normal compilation process, this decision can be postponed and taken much later in
the compilation flow.

This allows for improved separation of concerns, as the hardware optimization of the
matrix multiplication itself can be deferred to each vendor, and the compiler’s high-level
part can focus on the semantics of the problem instead. Meanwhile, all of the tools used
for the transformation and manipulation of the source code and dialects remain the same
across all levels of the compilation, allowing for high-quality, easily maintainable and
extendable compilers. And, as the user no longer depends on a specific vendor’s toolset
to express a generically parallel program, they are enabled to adopt a more expressive
declarative programming style.

This is particularly useful for domain-specific languages, as each domain can define its
own dialect and operations and defer the implementation of different levels of abstraction
to different existing dialects. A popular example is the domain of neural networks; by
using a dialect, the modeling of the neural network’s architecture can be decoupled from
the implementation of the computations themselves.

3.3 Standard dialects

MLIR encourages separation of concerns as often as possible. As such, each different set
of common compiler abstractions supported out of the box is separated into a different
dialect. As a group, these are referred to as “standard” MLIR. All of these dialects provide
conversion passes into LLVM IR, and as such can be used to implement general purpose
programming languages. A non-exhaustive list follows.

The Builtin dialect provides common types and attributes (such as strings, integers,
dictionaries and source code locations), and is globally visible by all other dialects. It
defines the module operation, a generic region that defines a symbol scope.

arith, math and complex provide numeric types and mathematical operations.

scf and cf provide control flow directives. scf provides structured control flow abstrac-
tions, such as if-else, for and while blocks that may yield values, and cf provides simple
assembly-like labels, jumps and branches.

affine provides affine loops, affine maps and other structures that can benefit from poly-
hedral analysis.

bufferization and memref provide memory-related operations and passes.
tensor and linalg provide operations on data of arbitrary dimensionality.
vector and x86vector provide intrinsics for SIMD operations.

omp and gpu provide operations that define concurrency. omp matches OpenMP direc-
tives, while gpu codifies generic kernel launching for programming models such as CUDA

and OpenCL.
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emitc provides operations that allow the translation of standard MLIR into C++, created
with machine learning models in mind.

3.4 Third-party projects

Despite being a relatively recent effort, a number of tools have already populated MLIR’s
ecosystem. A non-exhaustive list of other examples follows.

TensorFlow |[1], a project backed by Google, is the current industry standard in neural
network frameworks. It defines its neural networks as a graph of tensor transformations,
sharing many similarities with dataflow MoCs. Since it is offered as a library, many
language front-ends are available, Python being one of the most popular; as its usage
is somewhat complex and boilerplate-heavy, a number of more user-friendly wrapper
interfaces have been developed, such as Keras [16]. Before being merged into the LLVM
project, MLIR was part of TensorFlow.

Open Neural Network Exchange (ONNX) [6] is an effort to provide an open stan-
dard for all existing neural network frameworks, including TensorFlow [1], Keras [16],
JAX [13], GLOW |48|, and PyTorch [44]. This makes it well aligned to MLIR’s objective
of improving compatibility between compiler projects; as such, ONNX provides a MLIR
dialect that implements the ONNX standard and generates efficient implementations with
minimal runtime.

Circuit IR Compilers and Tools (CIRCT) [24] is an experimental framework that
uses MLIR to tackle the problem of hardware design. It provides integrations to hardware
design tools such as Chisel [5] and Calyx [42], and hardware description languages such as
VHDL and Verilog. It also provides schedulers and generators that automatically generate
hardware from standard MLIR, which, besides being useful for prototyping, also provides

a path for programs written in general-purpose languages to target Field Programmable
Gate Arrays (FPGAs).

Flang [43| is a Fortran implementation, developed from scratch in modern C++ using
MLIR as the basis for its high level IR.

Verona [39] is a research programming language project led by Microsoft that explores
concurrent ownership.

Polygeist [40] is an advanced C compiler that specializes in polyhedral optimizations. It
features a robust parser of the C language, and, as part of its front-end, converts it into
standard MLIR with little loss of information.
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3.5 Syntax

MLIR’s textual representation adopts a syntax that is reminiscent of its LLVM IR origins.
The sequential instructions in MLIR dialects are denominated "operations", and they
follow the following format.

1 $ret_val:3 = "dialect_name.op_name" (%arg) {attr = true}
2 !dialect_name<"custom_type"> loc(callsite("ctx" at "filename":30:1))

Simply put, a typical MLIR operation is composed of:

e the operation’s name (which, for user-defined dialects, is prefixed with the dialect’s
name, so that the symbol can be reused between different dialects);

e a list of dynamically-known parameters, such as function arguments, that are refer-
ences to the results of other operations;

e a list of statically-known attributes, which consist of arbitrary constant data. This
could be used, for instance, to represent C+-+’s template arguments;

e a list of zero or more results (differently from LLVM IR, an operation may return
more than one result);

e the operation’s affine shape (the types and shapes of its parameters and results);

e the operation’s source location. As the code is transformed, the location is automat-
ically propagated; it can then be used when generating debug information. While
it doesn’t need to be printed when generating the textual representation of the IR,
it must be provided when creating operations programmatically.

Additionally, an operation can contain regions, which themselves may contain blocks, as
presented in Listing[3.1] Blocks are nested containers for sub-operations that can represent
a structured hierarchy without requiring scope markers. These can be used to represent,
for instance, the contents of a loop or if-else statement, but also the implementation of a
function or the contents of a module.

While MLIR provides a human-readable universal notation for all dialects and opera-
tions, it also supports the implementation of custom parsers and printers that can improve
the legibility of a custom dialect.

MLIR is implemented in C+-+14 and relies heavily on LLVM’s codebase. As such,
while bindings for C and Python exist, C++ is the primarily supported language. It
makes heavy use of C++'s template system to ensure type strictness when transforming
the language, and of LLVM’s TableGen tool that automates the generation of boilerplate
for custom dialects and operations. Some code transformation facilities are provided out
of the box, such as pattern matching and tree rewriting.



I "my_dialect.some_nested_operation" {

2 “blockl{

3 "my_dialect.some_nested_operation" {

4 “blockl {

5 "my_dialect.some_nested_operation" {
6 “blockl {

7 }

8 “"block2 {

9 }

Listing 3.1: Example of nested operations

26
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Chapter 4

The IaRa compiler and dialect

IaRa is a compiler for SDF built on top of MLIR. It accepts a dataflow network in a
format based on the Dataflow Interchange Format (DIF) [29], and generates an executable
by scheduling kernel function calls in an appropriate order and amount. It currently
provides a simple memory pool-based single-core scheduler. Its structure also allows the
implementation of co-optimizations that take advantage of simultaneous access to dataflow
graph structure and internal kernel information. The compiler currently includes one such
co-optimization, a dead code elimination pass.

4.1 Overview of the compilation flow

The structure of the compiler is shown in Figure .11 The DIF source is parsed and
translated into the IaRa dialect. If a kernel’s source code is available in the C language,
Polygeist can be used to translate it into standard MLIR and it can be added to the same
module as the dataflow graph, enabling the co-optimization pass and potentially enabling
low-level LLVM optimizations such as inlining. IaRa also allows kernels to be externally
linked, enabling implementation in other C-compatible languages, such as C++ or Rust,
and the usage of precompiled libraries.

After the graph is transformed by any co-optimizations, it is flattened and scheduled,
generating a MLIR module with only standard dialects. This is translated into LLVM
IR, which can be compiled into an executable.

MLIR

Kernel i Kernel Co-optimization Flattenin
C) Polygeist }-» (builtin) g
Dead code elimination A
[ ] Scheduling &1
BufferizationJ

LLVM IR

Y

Graph - Graph +| Graph+Kernel
(DIF) —>{_Parsing_}->; (iara) > (iara + builtin)

Figure 4.1: Structure of the laRa compiler
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4.2 DIF parser

The Dataflow Interchange Format [29] is designed to be a human-readable textual format
for the specification of dataflow graphs, aimed to improve intercommunication between
tools. It provides syntax for the representation of actors, edges, parameters, delays, actor
implementations (“actortypes”, or kernels) and other abstractions.

As a C++-compatible parser of the DIF language is not readily available, laRa pro-
vides a custom parser, which includes some extensions to the DIF specification. Consid-
ering that DIF is a relatively simple language, we opted to write the parser from scratch,
without relying on external parsing tools such as Lex/Yacc or ANTLR. This also keeps
the project dependencies to only LLVM and Polygeist, which simplifies the build process.

To be able to generate function calls of the correct interface when there is no access
to kernel source code, the dataflow graph description must be annotated with typing
information for the actor’s ports. While DIF is flexible enough to represent arbitrary
information through the use of its "attribute" directive, there is no widely accepted format
for the specification of type information. Furthermore, as this is currently the only user-
facing interface of IaRa, it is important to keep the syntax easy to use; in our use-case,
the attribute block syntax causes information about an actor’s interface to be spread over
several points in the source code.

[aRa provides an extension that allows the type annotation to be included immediately
after the declaration of a port or parameter, using the colon notation that is common in
modern programming languages such as TypeScript, Rust and Swift. An example can be
seen in line 3 of Listing [4.1]

[aRa also allows the connections between ports and edges to be expressed with the
arrow notation (—>) inside the actor definition. While this deviates from the publicly
available DIF definition, the fact that there is no standardized format for the expression
of types means that this change does not impact any potential compatibility with existing
dataflow graphs written in DIF, as some manual changes to the source code would be
required by the user either way.

4.3 The IaRa Dialect for dataflow

The TaRa dialect is similar to DIF in level of abstraction. The top-level IR generated
from the DIF source shown in Listing can be seen in in Listing [4.2]

The dialect defines two custom Attributes: Ports and Parameters. Ports consist of
a name (a string), a datatype (a standard MLIR type) and a data rate (an integer).
Parameters consists of a name, a datatype and an optional initialization value of that

type.

4.3.1 Operations
IaRa’s operations consist of the concepts that make up a dataflow graph:

e GraphOp represents a single hierarchical level of a graph. GraphOp encodes the
name, MoC, graph-level parameters and, in the case of a sub-graph, its outside
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interface input and output ports. It contains KernelOps, NodeOps and EdgeOps
within its single block, and may coexist with other GraphOps in the same MLIR
module.

KernelOp represents an external function that constitutes the implementation for
one or more nodes. It encodes the function name of the implementation and its
interface (parameters and input/output ports). It is also possible to define default
values for the parameters.

NodeOp encodes a single actor in the graph topology. It provides a name for the
node and values for the actor parameters. It also contains a reference to an imple-
mentation, which can either be an KernelOp that represents a concrete function or
a GraphOp that represents an interface to a sub-graph.

FEdgeOp encodes the edges of the graph. It consists simply of two node-port pairs
that represent the input and output ports within the graph. Optionally, one of the
node names may be replaced by the containing graph name, which represents an
interface port for hierarchical graphs. It may also accept SDF delay duration and
value attributes.



dif main {

parameter {
width : 132 = 640;
height : i32 = 480;
}
actortype read_rgb_frame {
param width, height;
production rgb:u8=921600;
}
actortype rgb_to_hsl {
param width;
param height;
consumption rgb : u8 = 921600;

}

actortype 1_to_rgb {
param width;
param height;

consumption 1: £32 307200;
production rgb : u8 = 921600;
}
actortype write_rgb_frame {
param width;
param height;
consumption rgb : u8 = 921600;
}
actor nl {
type: read_rgb_frame;
interface rgb -> el;
}
actor n2 {
type: rgb_to_hsl;
interface el -> rgb;
interface 1 -> e2;
}
actor n3 {
type: 1_to_rgb;
interface e2 -> 1;
interface rgb —> e3;
}
actor n4 {
type: write_rgb_frame;
interface e3 -> rgb;

Listing 4.1: DIF source for RGB to Grayscale algorithm

// 640 * 480 * 3
production h : £32 = 307200; // 640 = 480
production s : £32 = 307200; // 640 = 480
production 1 : £32 = 307200; // 640 = 480
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1 module {

2 iara.graph @main : "dif"

3 param_defaults [

4 #iara.param<"width" = 640 : 132>,

5 #iara.param<"height" = 480 : i32>] {

6 iara.kernel @read_rgb_frame

7 params [#iara.param<"width" = <<NULL ATTRIBUTE>>>, #iara.param<"
height" = <<NULL ATTRIBUTE>>>]

8 outputs [#iara.port<"rgb" : i8[921600 : 164]1>]

9 iara.kernel @rgb_to_hsl

10 params [#iara.param<"width" = <<NULL ATTRIBUTE>>>, #iara.param<"
height" = <<NULL ATTRIBUTE>>>]

11 inputs [#iara.port<"rgb" : 18[921600 : 164]>]

12 outputs [#iara.port<"h" : £32[307200 : i64]>, #iara.port<"s" : £f32
[307200 : i64]1>, #iara.port<"l"™ : £32[307200 : i64]1>]

13 iara.kernel @1_to_rgb

14 params [#iara.param<"width" = <<NULL ATTRIBUTE>>>, #iara.param<"
height" = <<NULL ATTRIBUTE>>>]

15 inputs [#iara.port<"1" : £32[307200 : 164]1>]

16 outputs [#iara.port<"rgb" : i8[921600 : 164]>]

17 iara.kernel @write_rgb_frame

18 params [#iara.param<"width" = <<NULL ATTRIBUTE>>>, #iara.param<"
height" = <<NULL ATTRIBUTE>>>]

19 inputs [#iara.port<"rgb" : i8[921600 : 164]>]

20 iara.node @n2 : @rgb_to_hsl
21 iara.node @n3 : Q@l_to_rgb

22 iara.node @n4 : Qwrite_rgb_frame

23 iara.node @nl : Q@read_rgb_frame

24 iara.edge @el : @nl::"rgb" -> @n2::"rgb"
25 iara.edge @e2 : @n2::"1" -> @n3::"1"

26 iara.edge @e3 : @n3::"rgb" -> @n4d::"rgb"

Listing 4.2: IaRa dialect for RGB to Grayscale algorithm

4.4 Polygeist as a C translator
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For IaRa’s co-optimization feature, actor source code must be provided in MLIR form.

While MLIR does provide an experimental, limited form of conversion from LLVM IR, it

does not completely cover the features needed for actor analysis.

As Polygeist offers a reasonably complete C front-end, we rely on it to produce high-
level MLIR, as shown in Listings and [£.4] Since Polygeist is an ongoing project with
frequent updates, it also dictates the version of the LLVM project IaRa is built against.



void 1_to_rgb(int width,
{

unsigned long long num_pixels

for (unsigned long long i = 0;

unsigned char L
rgb[i % 3] rgb[i * 3 + 1]

int height,

(unsigned char) (1[1i]

32

float 1[307200], unsigned char xrgb)
width x height;

i < num_pixels; i++) {

* 255.0);

rgb[i = 3 + 2] = L;

Listing 4.3: Example of actor source in C

func.func @l_to_rgb(%argl: 132,

'1lvm.ptr<i8>)

attributes {llvm.linkage

%argl: i32, %arg2: !llvm.ptr<£32>,

#1llvm.linkage<external>} {

%arg3

%c0 = arith.constant 0 index

%cl = arith.constant 1 index

%$c2_i64 = arith.constant 2 i64

%$c3_164 = arith.constant 3 i64

$cst = arith.constant 2.550000e+02 f64
%cl_1i64 = arith.constant 1 i64

%0 = arith.muli %arg0, %argl i32

%1 = arith.index_cast %0 132 to index

scf.for %arg4d

%c0 to %1 step %cl {

%2 = arith.index_cast %arg4 index to i64

%3 = llvm.getelementptr %arg2[%2] (!'1lvm.ptr<£32>, i64) —-> !1lvm.
ptr<f32>

%4 = llvm.load %3 '1lvm.ptr<£32>

%5 = arith.extf %4 £32 to f64

%6 = arith.mulf %5, %cst foe4

%7 = arith.fptoui %6 f6d4d to i8

%$8 = arith.muli %2, %c3_1i64 164

%9 = llvm.getelementptr %arg3[%8] ('11lvm.ptr<i8>, i64) -> !l1llvm.
ptr<ig8>

%10 = arith.addi %8, %cl_ié4 i64

%11 = llvm.getelementptr %arg3[%10] (!'11lvm.ptr<i8>, 164) —-> !llvm.
ptr<i8>

%12 = arith.addi %8, %c2_1io64 ioc4

%13 = llvm.getelementptr %$arg3[%$12] (!'1lvm.ptr<i8>, i64) -> !1lvm.
ptr<ig8>

llvm.store %7, %13 "1lvm.ptr<i8>

%14 = llvm.load %13 '1lvm.ptr<i8>

llvm.store %14, %11 11lvm.ptr<i8>

%15 = llvm.load %11 '11lvm.ptr<i8>

llvm.store %15, % '1lvm.ptr<i8>

}

return

Listing 4.4: MLIR output of Polygeist for source in Listing
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4.5 Co-optimizing graph and kernel

Using Polygeist to convert the C implementation of actors into higher-level MLIR en-
ables access and modification to their internal operations through MLIR’s robust API.
This enables the development of fine-grained optimization strategies that make use of
both coordination and kernel information that have not been explored in source-to-source
dataflow projects, due to previously described challenges.

MLIR functions are already dataflow-like, in that they follow a Single Static Assign-
ment Control Flow Graph (SSACFG) scheme. This means that the results of each opera-
tion are given unique names that are not used more than once in a given context, forming
a Directed Acyclic Graph (DAG) that can be analyzed and altered with similar techniques
as dataflow graphs themselves. This has similarities with the Single-Rate Dataflow MoC.

These co-optimizations may improve performance, memory usage or parallelism, with
the potential downside of increasing code size, as they rely on creating altered copies of
each kernel depending on their usage within the topology of the graph. It is a similar
trade-off as the constant propagation optimization in classic compilers. However, the
number of copies is bounded to the number of nodes in the graph, and does not generate
higher-than-linear increase in the executable size, as something like a recursive C++
template has the potential to do.

4.5.1 Dead code elimination

Usually, dataflow-level dead code elimination consists of removing actors whose outputs
do not contribute to a useful result. If a subset of the outputs is necessary, the whole actor
would be computed and a temporary buffer would have to be provided as a location for
the unused results. Without access to the internals of the function, this unused memory
and computation cannot be avoided.

Most traditional compilers implement some form of Dead Code Elimination (DCE),
but they are usually restricted to a single compilation unit, and only to cases where
there is no memory aliasing. This cannot be applied when using common SDF memory
optimization strategies such as shared memory pools |21], which rely on memory recycling
and thus create strong aliasing before DCE can be applied by the compiler.

MLIR provides the tools to overcome this early in the compilation flow. By using
MLIR to find the internal function operations that contribute only to unused ports, we
can automatically remove them. MLIR provides built-in methods for traversing value
definitions and usages. By following the dependency chain of values as they are created
and consumed inside the function, each operation can be flagged with all inputs that they
depend on and all outputs that depend on its results. The operations whose results are
required only for unused results can be safely removed, saving instructions and memory
in the final executable.

If an actor with unused outputs is the only instance of a kernel in the dataflow graph,
this optimization can be done with no drawbacks. In the general case, however, this
optimization is a kind of code specialization, potentially trading off additional program
size for improved program performance. In this work we choose to perform systematic
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specialization, always performing the optimization if possible.

1 void cartesian_to_polar (
2 float xx, float =y, // input ports
3 float *r, float xtheta) // output ports
e A

*r = sSqrt(*x * *x + *y * *y);
6 *theta = atan2f (xy, *x);
7}

Listing 4.5: Example kernel implementation in C.

1 func @cartesian_to_polar (
2 %arg0: llvm.ptr<£f32>, %argl: llvm.ptr<£32>,
: %$arg2: 1llvm.ptr<£32>, %arg3: 1llvm.ptr<£f32>)

5 %1 = llvm.load %arg0 : !llvm.ptr<£f32>
6 %$2 = arith.mulf %1, %1 : £32

7 %3 = llvm.load %argl : !llvm.ptr<£f32>
8 %4 = arith.mulf %3, %3 : £32

9 %5 = arith.addf %2, %4 : £32

10 %6 = math.sqrt %5 : £32

11 llvm.store %6, %arg2 : !1llvm.ptr<£f32>

12 %9 = call @atan2 (%3, %1)

13 : (£f32, £32) -> £32

14 llvm.store %9, %arg3 : '1lvm.ptr<£32>
15 return

16}

Listing 4.6: MLIR Polygeist output from source code in Listing . Operations that flow
into specific output ports are highlighted.

Consider the C function in Listing and its MLIR representation (Listing [4.6)),
where the operations that flow exclusively into r and theta are highlighted in bold and

underlined, respectively. These represent the sets of operations that can be removed if
the corresponding output port is unused. Finding this separation consists of following
the value DAG backwards from the port-writing 11vm. store operations, and keeping
a table of which output values depend on each operation.

As MLIR automatically keeps a graph data structure that tracks the references and
definitions of all intermediary values, this can be implemented with a simple recursive
algorithm that walks this graph. Unlike LLVM IR, MLIR provides a structured control
flow dialect that simplifies the tracking of values entering and leaving control flow regions;
reasoning about branches and jumps is not necessary. However, since we’re relying on
LLVM to generate optimized machine code, we can skip this recursive step; it is enough
to just delete all operations that directly access the memory of the output we want to
remove. We can leverage the built-in function-scope dead code elimination implemented
in LLVM to guarantee that all unused intermediary values and their associated operations
will be removed in the final binary.

There are a couple of caveats. This method does not apply for operations that access
global variables or call functions with side effects, as they may be difficult to trace between
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different sections of the function. It also assumes that there is no aliasing between the
pointers of each port, i.e., the memory assigned to one port won'’t be accessed by offsetting
the pointer of another port. In the case of SDF, it is assumed that a correct kernel
implementation conforms to this.

The compiler then creates a copy of the kernel, removes the relevant operations, and
updates the C interface to exclude the removed output parameters. All nodes that refer-
ence this kernel with this specific subset of unused ports have their implementation fields
updated. If there are no remaining nodes that reference the original function, it is deleted.

4.5.2 Graph validation

Once we have finished applying all of the kernel optimizations, we proceed with the
traditional SDF pipeline. This requires flattening the graph into a single hierarchical
level, recursively copying any sub-graphs and inserting them into the top-level.

Once the graph is flattened, it assumes a normal SDF form. The ports of actors, in an
SDF graph, are assigned constant data rates. These are positive integers that represent
the amount of tokens that flow through that port, for each actor firing. The amount of
firings per graph iteration, for the producer and consumer actors, must respect the ratio
between their connected ports. For instance, if node A has an output port with rate 2
that is connected to node B through a port of rate 3, we know that node A must execute
3/2 times as often as node B. This is necessary to prevent the size of the FIFO from
growing without bound (if A is fired too often) and to prevent B from being starved of
tokens (if A is not fired often enough).

A schedule that prevents these situations and guarantees that all activations have the
correct ratios is said to be admissible. If the SDF network is a tree, it is guaranteed that
such a schedule exists.

However, as this ratio relationship between nodes that share an edge travels in both
directions, it may find a conflict on graphs that are not trees (either a cyclic directed
graph or a DAG with paths that diverge and then converge). Therefore, the admissibility
of the graph needs to be tested.

Lee et al. |35] have described a mathematical method to determine if a graph is
admissible. We use an equivalent method that involves an iterative traversal of the graph.

Our method consists of attributing a rational number to each edge of the graph, based
on the rate of its input and output ports, and an activation number to each node.

Starting from an arbitrary node, we assign it an activation number equal to one.
From this node, we walk through the whole graph, ignoring the direction of the edges.
Whenever we arrive at an unassigned node, we assign its activation number by multiplying
or dividing the activation number of the previous node with the ratio of the traversed edge.
If we encounter a node with an already assigned activation, we make sure it is consistent
with the value that would be assigned otherwise. If we find an inconsistency, the graph
is not admissible.

Provided that no inconsistencies were found, we normalize all admissions by making
sure they are all positive integers. This is done by multiplying all of them with the least
common multiple of all of the activation’s denominators. After this step is done, the
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activation numbers correspond to each actor’s total number of firings per graph iteration,
which will be used in the next step.

4.6 Scheduling and Bufferization

Once we have the activation numbers for every actor, scheduling and bufferization take
place. Scheduling consists of determining a valid order in which to fire each actor, and
bufferization consists of assigning a location in memory to each token, which will be passed
as input and output arguments to the kernel function of each actor. Many strategies
require both processes to be done at the same time. IaRa provides two bufferization
strategies: a single-assignment strategy and a memory pool strategy.

4.6.1 Single Assignment Bufferization

This strategy consists of assigning an exclusive memory location for every token in a graph
iteration, in the order that they are generated by the schedule. The amount of memory
used is proportional to

> A, Y R(0)S,

neN 0€0(n)

for a graph with actors n € N, activation numbers A,, output ports O(n), output
data rates R(o) V o € O(n) and token sizes S,. There are upsides for having a single
memory location for every token, such as predictable cache behavior and compatibility
with existing low-level optimizations like dead code elimination and register promotion.
However, the memory consumption scales badly with the size and complexity of graphs,
making it generally unfeasible for memory-constrained applications.

The implementation provided by IaRa uses the same scheduling strategy described in
the next section, only overriding the memory assignment phase.

4.6.2 Memory Pool Bufferization

The optimization of memory in dataflow compilation is a well-researched problem. When
minimizing memory usage, an useful abstraction is the Memory Exclusion Graph (MEG),
which consists of Memory Objects that represent each produced token in an SDF period
[19] and contain references to their memory allocation. Tokens that are involved in the
same actor activation (and which, therefore, must not share the same space in memory)
are connected together in the MEG.

There are several strategies to bufferize a MEG, particularly when it comes to parallel
schedules. It can be proven that the minimum memory footprint for an SDF network is
equivalent to the MEG’s Maximum Weight Clique (its largest fully connected sub-graph),
which can be computed by exact algorithms or approximated with an heuristic. The
memory requirements depend on the shape and rates of the graph, but, as memory can be
reused, it scales much better with the graph’s size than the single assignment strategy does,
particularly in graphs with long linear dependency chains. However, devising a schedule
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for an optimal MEG is a computationally complex problem. It has been experimentally
determined [19], however, that there are simple heuristics that achieve similar results with
little compromise in memory usage and performance.

The current single-core pipeline of IaRa provides a post-scheduling, first-fit allocation
strategy and a self-timed greedy scheduling strategy, for their simplicity and high memory
efficiency. Through a process called symbolic execution |26], the size and location of tokens
in a shared memory pool is determined and the MEG and the schedule are simultaneously
constructed. The strategy is post-scheduling, because the schedule itself is independent
of the bufferization step, even if they are constructed simultaneously for the sake of ease
of implementation; it is first-fit, which means that the lowest-address empty space of
sufficient size will be used for each allocation; it is self-timed, which means that each
node executes as soon as possible after its inputs become available, and it is greedy,
because no deep analysis is made when selecting a candidate actor to execute next.

The algorithm itself ([1{) consists of following the scheduling strategy as if real data were
being processed, creating and erasing Memory Objects for each token that is produced
or consumed, but without executing the kernels. One by one, nodes are selected to be
symbolically executed and a size and location for the memory of their ports is allocated
in a memory pool, which grows as necessary if empty space of suitable size is not found.
This ensures that any patch of memory is only allocated while its contents are live, and
that it can be freed and reused after the contents are consumed by an actor.

1 Pool = new MemoryPool;

2 Schedule = new List<Firing>;

3 Empty AIIFIFOs();

a while there are actors with remaining firings do

5 Node = SelectReadyNode();
6 Node.RemainingFirings -= 1;
7 Firing = new ScheduleFiring(Node);
8 for Output in Node.Outputs do
9 M = new MemoryObject;
10 M.size = Output.Rate;
11 Output.FIFO.Push(M);
12 Firing. AddOutput(M);
13 Pool.AllocateOrGrow (M);
14 end
15 for Input in Node.Inputs do
16 Objs = Input.FIFO.TakeObjs(Input.Rate);
17 Firing. AddInput(Objs);
18 Pool.Free(Objs);
19 end
20 Schedule.Push(Firing);
21 end

Algorithm 1: Joint scheduling and bufferization algorithm

Here, SelectReadyNode() returns a node that contains enough tokens in its input
FIFOs. Firings contain a reference to the actor’s kernel and the Memory Objects for
that particular execution’s inputs and outputs, which can be translated into memory
pointers to be passed to the kernel. AllocateOrGrow() creates a new Memory Object
in the pool, in the lowest offset that can accept it. FIFO.TakeObjs(size) retrieves an
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amount of Memory Objects from the FIFO that matches the size; if the Memory Object
at the front of the queue is too large, it is broken up into smaller pieces. For instance, if it
was a Memory Object that was created by an output port with rate 10, and the current
input only consumes 4 tokens, the large Memory Object will be broken into two Memory
Objects of sizes 4 and 6, and only the first will be consumed.

Once the algorithm finishes, the schedule contains an ordered list of firings and the
memory offsets for its function call arguments, as well as the total size of the shared
memory pool, to be statically allocated.

There is some flexibility when choosing heuristics for node selection and Memory
Object allocation, which can affect the performance of the schedule and the final pool
size, as explored by [19]. A schedule that favors firing the same node sequentially as
many times as possible has better cache characteristics than code that fires available
nodes in a round-robin fashion; likewise, it is preferable to fire a node whose input tokens
have been recently produced, as it is likely that they will still be cached. When optimizing
for memory, the compiler can instead prioritize nodes that will cause the smallest increase
in the pool size, or maximize the biggest contiguous empty gap.

Given the possibility space when choosing these strategies, we opted to implement a
baseline scheduling strategy that does not differentiate between candidate nodes; advanced
strategies are kept for a future work. Our pool memory allocation scheme uses a first-fit
strategy that has been experimentally determined [19] to be close in effectiveness to the
theoretical optimum.

Since this strategy employs shared memory, some memory aliasing is unavoidable: the
same memory offset may refer to different data at different points during the schedule’s
execution. This obstructs some commonly-applied low-level optimizations further down
the compiler pipeline, such as LLVM’s built-in function-level dead code elimination. This
has motivated the development of the high-level DCE pass mentioned in section [£.5.1]

4.6.3 Code generation

The scheduling pass transforms the IaRa dialect into standard MLIR, which contains
the buffer allocation and the ordered function calls. The IR, through the use of built-in
conversions, can be lowered into the LLVM dialect and then to LLVM IR. The LLVM IR
output can be compiled into objects or executable files using LLVM’s opt command, or
through the use of Clang.
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Chapter 5

Experimental Results

To demonstrate that the compiler is functional, we have implemented a number of appli-
cations that have equivalent versions available for the Preesm compiler. In this chapter,
we describe the algorithms, provide performance and memory measurements with Preesm
and our compiler, and discuss the results.

5.1 Experimental setup

Experiments were conducted on a desktop computer running Ubuntu 22.04 with an Intel
i5-4460 3.7GHz CPU, 8GB of RAM, and SSD storage. The project is built against
development versions of LLVM (commit 89525cbf) and Polygeist (commit 745d6841).
Preesm version 3.21 is used.

Both IaRa and Preesm are configured to use Clang 15 as a backend, as compiled from
this LLVM version, with the —03 flag. In the Preesm experiments, it is used to compile
its generated C sources, and in the laRa experiments, it is used as an LLVM interface to
compile its LLVM IR output and externally-linked source files.

Timing and memory information was obtained by using the GNU time command on
a Linux machine. Memory usage is measured using the maximum resident set size (RSS),
and timing information relates to wall time.

5.2 Applications

All chosen applications except RGB to Grayscale have publicly available Preesm imple-
mentations. Table shows the number of nodes, edges, individual C kernels and lines
of code for each application.

RGB to GS | Sobel | S. Detection | SIFT
Node count 4 3 8 57
Edge count 3 4 7 108
Kernel count 4 3 8 33
Lines of C code 68 644 2743 5460

Table 5.1: Number of nodes, edges, kernels and lines of code per application
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5.2.1 RGB to Grayscale

This algorithm (Fig. takes as input a raw rgh24-encoded color video file and sets its
hue and saturation levels to zero, before outputting it in the same rgb24 format, resulting
in a grayscale version. Here, we use a general-purpose RGB to HSL actor, and discard
the H and S outputs; the L to RGB actor reverses the conversion, setting the H and S
channels to 0. Both actors operate on an entire 640x480 video frame at a time, as opposed
to single pixel values. Results are arranged in Table [5.2]

h

rgb v s | ]

Figure 5.1: SDF dataflow network for the algorithm. One data token firing corresponds
to an entire frame of uncompressed 480p video.

To measure the impact of the DCE pass, we generate two versions of the executable.
Both versions are compiled by converting the C implementation of the actors into MLIR
using Polygeist, guaranteeing that all of LLVM’s built-in optimizations will be equally
applied (such as automatic inlining and constant propagation). The optimized version
differs from the baseline version only on the enabling of the DCE pass.

Proesm [aRa [aRa

(No DCE) | (With DCE)
Time [s] 4.151 4.020 2.689
Max RSS [KB| | 11084 6300 3838
Speedup 1.0x 1.03x 1.54 %
Mem. Usage 1.0x 0.56 % 0.34x

Table 5.2: Results for RGB to GS algorithm, compared against Preesm

Since Preesm does not deal automatically with unused ports, an equivalent Preesm
project was created that writes the unused values into a static buffer. It can be seen that
the non-DCE-optimized version achieves a similar time, but better memory characteristics
than Preesm. This can be explained by the extra unused buffer. The version that uses
DCE achieves considerable gains in both performance and memory.

Comparing the results of the DCE and No DCE versions against each other yields
Table [5.3] The expectation is that our DCE pass will remove the calculations related to
the H and S outputs of the actor, which constitute a considerable share of the computation.

[aRa [aRa

(No DCE) | (With DCE)
Speedup 1.0x 1.49x
Mem. Usage 1.0x 0.60x

Table 5.3: Improvements of DCE pass

The DCE pass removes kernel operations related to the computation of the H and
S values. This can be observed as a speedup of 1.49. The optimized version also only
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consumes a fraction of the memory of the unoptimized version; this corresponds to the
amount of memory required to receive the tokens of the H and S unused outputs.

This application was chosen to highlight the potential of this optimization strategy.
The hue and saturation outputs of the RGB to HSL algorithm are relatively expensive to
compute. This sort of general-purpose conversion function is common in real-life applica-
tions, and we are confident that the chosen example faithfully represents a real use-case.

5.2.2 Sobel filter
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Figure 5.2: Diagram of the Sobel algorithm, as seen in the Preesm website

This algorithm is provided as an example implementation in Preesm’s website (Fig5.2)).
It applies the Sobel filter onto a video, isolating outlines and hard edges. There are 3
nodes, which process an entire video frame per iteration. Results are shown in Table [5.4]

Preesm | IaRa

FPS 1398 1402
Max RSS [KB| | 33404 | 33232
Speedup 1.0x 1.0x
Mem. Usage 1.0x | 0.99%

Table 5.4: Measurements for Sobel Filter

[aRa did not achieve a considerable improvement in performance or memory. This is
due to the simplicity of the graph; the optimal schedule is trivially derived, with no room
for improvement. The small memory difference can be attributed to the boilerplate that
is automatically generated by Preesm, intended for multicore schedules.

5.2.3 Swimmer Detection

This algorithm processes an underwater video of a swimmer by converting it to HSV (hue,
saturation and value), and draws a bounding box around the swimmer (Figure The
video has 7 seconds of 640x480 H.264 encoded footage, at 25 frames per second, with
a bitrate of 3930 Kbps. TaRa was able to achieve a considerably better schedule than
Preesm, despite requiring more memory. Results are shown in Table [5.5
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10U : 0.731283 FPS: 68.96

Figure 5.3: Screenshot of the algorithm at work (red box is ground truth, green box is
estimate)

Preesm | IaRa

Time |s] 2.814 | 1.867
Max RSS [KB| | 269776 | 357244
Speedup 1.0x 1.51x
Mem. Usage 1.0x 1.32x

Table 5.5: Measurements for Swimmer Detection algorithm

The reason for the performance improvement is not clear. One possible explanation
is that Preesm’s optimization for broadcast nodes causes it to fire nodes in a round-robin
manner, which may cause worse cache behavior than IaRa’s default strategy of firing the
same node as many times as possible; this may also explain the increased memory usage,
as the maximum size of FIFOs increases.

5.2.4 SIFT

SIFT is a widely used algorithm for computer vision applications that automatically
detects features in images. It is relatively complex: the graph contains 57 nodes and 108
edges, and the 33 kernel implementations span 4789 lines of C code.

Preesm | IaRa

Time [s] 0.538 0.977
Max RSS [KB| | 198448 | 857540
Speedup 1.0x 0.55%
Mem. Usage 1.0x 4.32x

Table 5.6: Measurements for SIFT algorithm

[aRa underperformed Preesm, generating an executable half as fast and using over
four times more memory. This can be explained by the fact that SIFT contains several
broadcast nodes, which generate copy operations. Preesm provides specific optimizations
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that are able to optimize broadcasts, which are not yet supported in IaRa. Results can
be seen in Table (.6

5.3 Discussion

The data show that, while IaRa is functional and viable for small-scale algorithms, it
suffers when it comes to scalability. Since laRa lacks many of the sophisticated memory
optimizations of Preesm, applications with many nodes and many broadcast operations
do not achieve the same performance or memory economy.

However, there is no fundamental reason these same optimizations could not be
adapted to IaRa’s scheduler; MLIR’s modular nature allows for an alternate schedul-
ing pass to be developed independently of IaRa’s other features. There is also potential
for the future development of a compatibility layer between Preesm and IaRa, which
would allow for the use of the features of both projects in the development of the same
application.



44

Chapter 6

Conclusion

Dataflow models of computation have been originally developed to assist in the develop-
ment of portable, high performance applications, and they have proven useful for signal
processing systems. When it comes to the applicability of dataflow MoCs advances in
compiler research, the strict separation that Dataflow enforces between coordination and
kernel code has been problematic.

With our experiments, we have demonstrated that MLIR makes it possible to bridge
this gap. By retrieving information from the graph topology description, we have com-
bined two optimization strategies that would be incompatible otherwise: alias-creating
memory pools and dead code elimination. To achieve this, we have used existing tools
such as DIF and Polygeist, and implemented traditional dataflow algorithms in a cutting
edge compilation framework in the form of the laRa dialect, showing that there is poten-
tial for further integration between projects. With the implementation of an early dead
code elimination pass in this framework, we have achieved a 149% speedup and a 60%
memory usage improvement in a video processing application.

MLIR made it possible to implement IaRa within 1 person-year without any previous
experience of LLVM/MLIR. A similar optimization would be feasible using a custom IR,
but this would also require the reimplementation of a whole C compiler, which is far from
trivial. Not relying on LLVM/MLIR infrastructure and existing dialects would require
the designer to build a novel IR target, to reimplement all of the fine grain optimizations
available natively in LLVM, such as DCE, and to emit correct machine code. Meanwhile,
modifying an existing source to source compiler like Preesm [45] to allow for this function-
ality would require extensive modification of the internal graph representation and code
generation, as it is not prepared to modify the internals of a C function in a flexible way.

6.1 Future research directions

There is a wide set of possibilites to explore from here, many of them enabled by the large
variety of projects that are already found within the MLIR ecosystem. For instance, efforts
can be made in integrating Polygeist polyhedral optimization passes, making further use of
the access to kernel implementations; multi-core schedulers can be developed with MLIR’s
built-in dialects for parallelism, such as OpenMP; and support for the highly-optimized
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implementations of the existing machine learning dialects could be integrated into the
scheduler, improving the portability of algorithms across multiple targets.
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