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Abstract

This thesis investigates the potential of precompiling Modelica functions for a
reduction in compile time when compiling Modelica models. Precompilation of
functions was done in two ways:

1. Replacing the Modelica functions with external calls to equivalent and
compiled C functions.

2. Replacing the Modelica functions in the backend of the compiler.

The second approach is in itself split into two different approaches where one
filters the function from existing models and the other is doing an analysis of
Modelica libraries to find functions.

The first approach failed to yield any conclusive results, but the second ap-
proach generated valid libraries that could be used with our test models. The
optimization was tested on 6 different test models to evaluate performance com-
pared to the baseline.

In general, the compile time reduction through utilization of precompiled
functions has a significant dependence on the model’s properties. Some models
had a small increase in compile time, due to overhead introduced by our oprti-
mization, while others had up t0 29.1% reduction in compile time at the backend.
Additionally, the runtime was decreased due to optimizations of the precom-
piled functions for some models, with a reduction of up to 10.7% in the best case
and about the same performance for the worst case.

Keywords: Compiler optimization, P1recompilmtior17 Modelica, LLVM
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Chapter 1

Introduction

When designing complex systems, such as the cooling system of a car, creating a simulation
of the system’s behavior is crucial for reducing the development cost and time. To model
such kinds of systems, an object-oriented modeling language called Modelica can be used. It
simplifies the process of defining the equation systems controlling the simulation. To run the
simulation of a system written in Modelica, the Modelica model must be translated into a
form that can be executed[Tl]. There exist several tools that can translate, or compile, Modelica
code into an executable format.

Modelon Impact, provided by Modelon AB, is one of the tools which can compile and
execute Modelica models. It Compi]es the Modelica code into an executable, which can be
used for simulation of the model. When using Modelon Impact, the compilation of the Mod-
elica code can be very time consuming, which will slow down iteration time for developers
when they are iterating in the design of their product since most iterations require a recom-
pilation of the entire Modelica model. Therefore, reducing the compilation time is a priority
for Modelon since customers must wait for the Compilation and simulation to finish before
they can continue working. Iteration time is dependent on both compilation time and sim-
ulation time, making this a trade-off in how much time can be spent optimizing code during
the compilation to get the fastest iteration time.

Compilation of a Modelica model results in an equation system. This equation system
is dependent on how different components in the model are connected. For example, if one
uses a resistor from a library, the way the resistor connects to the rest of the circuit affects the
resulting equation system. Thus, the variability in the equation systems makes it practically
impossible to precompile entire Modelica libraries. However, there are parts in Modelica
libraries that are independent of the equation structure. Thus, a possible compiler optimiza-
tion is explored in this thesis that is centered around the concept of separate compilation,
where functions from Modelica libraries are precompiled into a format which can be linked
during the construction of the executable. The thesis will investigate the effects on compile
time and runtime performance when using this optimization.

The reduction in compilation time could improve the productivity of product developers
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1. INTRODUCTION

that rely on Modelica for modeling and thus speed up the development of new products.
Additionally, precompiling code enables compiler optimizations since the precompilation of
libraries is done before the library is delivered to the user and not when the user is waiting to
run a simulation. These optimizations are not done in the Modelon compiler due to compile
time constraints. Therefore, using optimizations on the precompiled code should increase
the performance of the simulation process.

A possible downside with separate compilation is that, since the compilation scope is
smaller, the compiler might have less opportunity to perform certain optimizations, for ex-
ample inlining of functions. This could perhaps affect the simulation time of our test nega-
tively.

1.1 Research Questions

The research questions that are the basis of this thesis are the following;
+ How can Modelica functions be extracted and precompiled?
+ How does precompilation of functions affect runtime and compile time performance?

+ When is it not possible to precompile a Modelica function?

1.2 Contributions

The results of this thesis will provide additional information that can be used in the process of
improving the compile time performance of the Modelon compiler and the approaches used
should be able to be generalized to other Modelica compilers . This thesis will also provide
a foundation for additional research into more sophisticated precompilation techniques for
Modelica code.

1.3 Approach

This Section describes the approach used in this thesis. The goal was to precompile Modelica
functions from Modelica libraries and thereby reduce the compilation scope. Two such ways
were investigated in this thesis.

The first approach utilized Modelica’s support for external function calls, which is de-
scribed in Scction The idea is to transpile the Modelica code into C code that is com-
piled into an object file by a C compiler. This code is then called by the Modelica code using
the external call functionality of Modelica. The implementation of this approach is described
at Section

The second approach used LLVM to compile the library’s functions into a static library,
which can be linked into an executable. Two ways of extracting functions were investigated:
Analysis of the Modelica functions by the frontend and by processing models and extracting
their functions. This does, in contrast to the first approach, not change the Modelica code.
The implementation of this approach is described at Section

10



1.3 APPROACH

For each of the approaches, we used a benchmarking suite to evaluate the performance
and the correctness of the approach. The benchmarking suite was executed on each of the
approaches implemented and on the standard compiler as a baseline to evaluate performance
from the perspective of:

1. Compile time performance
2. Runtime performance

The benchmarking suite is described in detail at Sectionfor the approach using external
function calls and at Section for approach using LLVM.

Chapter [2| gives a more detailed breakdown of the theory behind the thesis. Chapter
describes the approaches used, and the implementation process of them. Chapterdetails the
results while Chapterdiscusses these results. Chapterpresents the conclusions, discussion
of future work and validity threats of the thesis. In Appendix @ there are boxplots of the

results of the performance measurements.
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Chapter 2
Background

This Chapter details the relevant theory for this thesis. More specifically, it describes com-
pilers and the compilation process, the Modelica language, JastAdd, LLVM, and an overview
of the general Modelica compiler with a description of the Modelon compiler.

2.1 Compiling

This Section will explain the basis of what a compiler does and details the different parts of
a general compiler. The compiler for Modelica specifically can be seen in Scction

A compiler is a program designed to generate other programs from source code. The
compiler is responsible for analyzing the code and give errors upon syntax errors, type er-
rors or other code specific errors. It is also responsible for optimizing the code, removing
unnecessary instructions, while keeping the output program behavior consistent with the in-
put program’s semantics[2]. One example of a compiler is the C compiler GCC in the GNU
Compiler Collection.

A compilation is the process of transforming the input code written in human-readable
text into a binary format which the computer can execute. Appel|2] breaks down this process
into the following typical compiler phases:

1. Lexical analysis; parsing the code into tokens.
2. Syntax analysis, which analyzes the tokens to match the structural requirements.
3. Semantic analysis analyzes code structure, such as type analysis.

4. Intermediate code generation:; an intermediate representation which simplifies the
g ; p p
process of optimization.

5. Code optimization; remove redundant operations that are not used or their results are
known at compile time.

13



2. BACKGROUND

6. Code generation; generate the machine code for the target machine.

7. Linking; link the machine code to other sources of machine code, for example static
libraries.

In this thesis, "frontend” of the compiler refers to steps 1-4, and "backend" refers to steps 5 -
7. For the Modelica compiler, seen in Section an additional step is needed between the
frontend and the backend.

2.2 Modelica

Modelica is an object-oriented, equation-based programming language used for modeling and
simulating complex physical systems across domains such as mechanical, electrical, thermal,
and fluid systems. The version of Modelica used in this thesis is 3.4.

In Modelica, every data object is an instance of a class. There are five basic types defined
in the language [3]. These types are:

« Integer

« Real

« Boolean

« String

+ Enumeration types

Along with the basic types, there exist classes. The Modelica Base Class is the foundation
for all of these classes. There are also exists specialized classes which build upon the Modelica
Base Class but has certain restrictions and/or additional features. A few examples of these
are Records, Models, and Functions[4]. Additionally, Modelica supports the usage of multidi-
mensional vectors, which can contain the basic types or more complex types, such as records
[5].

This thesis handles primarily Modelica functions and therefore is it relevant to note that
functions can use the primitive types, aggregations of primitive types (arrays and records)
and external objects (for example a C struct) as input or output. Functions will be described
closer in Section [2.2.3] To better understand the specialized classes, such as functions, a
description of the base class is given in Section

2.2.1 Modelica Base Class

The declaration of a Modelica Base Class consists of zero to all of the following sections:
+ Component declarations
« List of algorithms

« List of equations relevant to the class

14



2.2 MODELICA

Note that the component declarations could be other than the basic types; a class could con-
tain components that are other classes, such as models or records[6]. The algorithm section
of a class is where code can be executed sequentially and is also used by functions for their im-
plementation. In contrast to this, the equations are not ordered, meaning they can be stated
in any order without changing the semantics. An example of an implementation using these
three sections can be seen in Listing

2.2.2 Models

Modelica supports more complex structures to handle states and to describe the equation
systems defining the system. These are called models. Every Model can either be a simulation
model or a component model. A simulation model serves as the starting point of a simulation,
for example an electrical circuit. A component model can be a part of another model, for
example aresistor in a electrical circuit. Models often include components, either component
models or primitive types, and equations, which describes how the different components
interact with each other. When compiling a model, a global equation system is built for the
entire simulation model, using the connections between the component models to combine
their individual equations into the global system.
A simple equation system could be described using a model as seen in Listing

model eqgSystem
input Real x; /* Component declarations */

Real y;
output Real z;
algorithm
zZ =y % y; /* Algorithm section */
z = z + 1;
equation
X +y = z; /* The list of equations */
X * y = zZ,;
z = 4;

end eqSystem;

Listing 2.1: Basic model example in Modelica

This equation system cannot be solved by one variable at a time since x and y are dependent
on one another. Therefore, these variables must be solved simultaneously, and Modelica tools
must implement solvers for these kinds of systems which can be very complex. Additionally,
a model’s equation system can be dependent on other component models’ equation systems,
making them more complex than this simple example.

2.2.3 Functions

Functions are a specialized type of the Modelica Base Class. The restrictions on functions are
that they cannot contain equation lists and that the function declares any components, such
as clements of basic types or elements of a component model, as either input or output. Ad-
ditionally, there cannot be an internal state for functions, but they can declare local variables

to be used within the algorithm section. A simple example can be seen in Listing

15




2. BACKGROUND

function square

input Real x "Input value";

output Real y "Output squared value';
algorithm

y = X * X;

end square;

Listing 2.2: Simple function in Modelica

Partial Functions

In Modelica, classes, such as functions, can be declared with the keyword partial, which in-
dicates that they cannot be instantiated [3] and are therefore similar to an abstract class in
C++. The implementation of a partial class is therefore defined in the sub-classes extending
the partial class.

When discussing functions, a partial function must be extended and the sub-functions
will inherit the input-output signature of the partial function and they must implement the
algorithm. A partial function type can be passed as a parameter in a function call assuming
that the function used extends the partial function in question. [7]

The use case for this construct is, for instance, a model with different physical behaviors
for different environments, such as friction. Partial functions makes it flexible to change the
behavior of the model by only changing the component responsible for friction calculation,
declared with the partial function type, and replacing it with suitable implementations.

2.2.4 Modelica Libraries

Modelica supports libraries, one such example is the Modelica Standard Library (MSL), which
contains many pre-defined models, functions and other structures relevant for modeling. Li-
braries can be either read-only libraries such as MSL or proprietary libraries sold by compa-
nies or they can be editable where the developer can change the library. This thesis will only
look at the effect of precompiling read-only libraries. The reason for this is that precompiling
editable libraries requires an extra step in figuring out if the precompiled part has changed
since the precompilation was done.

The Modelica libraries used in this thesis for testing and precompilation of functions are
the following:

+ Modelon Vapor cycle library [8]
+ The Modelon base library [9]

« the Modelica open source Buildings library [10]

2.2.5 External and Annotation in Modelica

The keyword external[1] is used to make a Modelica function call an external function. This
can be a C function from a source code file, or it might be a precompiled function in a

16




2.3 JASTADD

static library. If an external function is used the compiler will look for it in some default
location and if a developer wants to specify where the implementation can be found they can
use annotations. Annotation[I2] is a general-purpose language construct that can be used
to add different kinds of data to a model; in this thesis they will only be used to point to

external functions. An example of a function with an external call can be seen in Listing@
pure function addOne
input Integer x;
output Integer y;
external "C" y=c_func_adding_one (x)
annotation(IncludeDirectory=WhereToFindFile,
Include="#include \"one_adder.h\"");
end addOne;

Listing 2.3: External function in Modelica

The external function call is to a C function from the file "one_adder.h". This is one way
that Modelica can call external functions in Modelica. The capability of using external and
annotation to call external functions is one of the features brought by Modelica.

2.2.6 Functional Mock-up Unit

Functional Mock-up Unit (FMU) is the format the compiler outputs when compiling a model.
FMU is a part of the FMI standard[13] and it is a zip file containing the necessary files for
simulating the Modelica model in a simulation tool. The contents of the zip file can either be
compiled binaries or source files, along with documentation such as description of the model
layout and other documentation from the developer.

In this thesis, the FMUs contain one XML-file, representing the structure of the model,
and a binary file with the compiled machine-code. The last step of the Modelon compiler,
which is used in this thesis, is to package these files into the zip-file that is the FMU. In this
report the FMU will be referred to as either the FMU or the executable.

2.3 JastAdd

JastAdd is a meta-compiler system designed to be used when creating compilers. It supports
Reference Attribute Grammars (RAG) to express computations over an Abstract Syntax Tree
(AST) where the nodes of the tree can reference one another [14]. It supports language con-
structs for working with the nodes in the AST, such as inheritance of attributes from nodes
which are higher up in the AST and thus have additional information that is not present in
the current node.

2.3.1 JastAdd Example

A simple example of the utility of JastAdd can be illustrated with a function declaration,
which would be a node in the AST with multiple children, seen in Figure [2.1} such as:

+ Head-item, a node that has a list child node with the parameters declared in the head.

17




2. BACKGROUND

« Function body, a node which has a list with the statements of the function.

The children of a function declaration can have additional children, for instance the function
body will consist of different statements. The type of the return statement within the func-
tion body should match the declared type of the function, but this information is not known
at the level of the return statement. JastAdd enables broadcasting of attributes from a node
to all nodes below it, so for this example, the return statement could receive a broadcast with
the declared type of the function from the declaration node and compare it to the local type
of the statement. If not equal, then there is a type-error in the code.

Function declaration

Figure 2.1: The AST for a function declaration

Thus, different types of static analysis is possible to implement in JastAdd by using RAGs
and the AST structure. Static analysis is a important part of a compiler since it is extensively
used in the compilation phases 3-6, which are outlined in Scction

The approach to performing static analysis with RAGs in JastAdd is one way to perform
static analysis. There are other ways, but these are not relevant to this thesis.

2.3.2 JastAdd in the Modelon Compiler

In the Modelon compiler, JastAdd is used to compile Modelica into an intermediate repre-
sentation, which would then be compiled into an executable. Thus, JastAdd is used for the
frontend of the compiler.

In the new Modelon compiler, described more in detail in the frontend outputs
Transfer-IR as an intermediate representation. This Transfer-IR is used as an input for the
LLVM-backend and is detailed in Scction The reason for why the Transfer-IR format
exists is because the JastAdd frontend is in the process of being replaced by an LLVM-based
solution.

24 LLVM

LLVM is a open-source compiler framework originally created by Lattner and Adve [15] to
"provide a modern, SSA-based compilation strategy capable of supporting both static and
dynamic compilation of arbitrary programming 1anguages”[16].

18
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24 LLVM

The LLVM project [16] is the organization working on LLVM and LLVM is currently
used as a backend to many well-known compilers such as Clang, Rustc and Swift [16] [17].
Clang is the frontend which is developed by the LLVM project.

2.4.1 LLVM in This Thesis

LLVM is relevant to this thesis since LLVM is used in the Modelon compi]er as the back-
end to generate the executable file. For the Modelon compiler, there are no general LLVM-
optimization passes done within LLVM because of time constraints when executing the com-
piler. In this thesis we intend to be able to use optimization passes to improve runtime per-
formance by running the passes on the Modelica functions that are precompiled.

24.2 LLVMIR

To be language independent, LLVM operates on LLVM IR which is an assembly-like lan-
guage. LLVM works by letting a frontend, such as Clang, create a representation of the
source-program in LLVM IR which is used to run many different levels of optimization.
When the code to compile has been lowered to LLVM IR, the optimizer can work on the
entire code base simultaneously, thus enabling more optimizations than could be done while
compiling different modules by themselves. This is a trade-off between possibly being able
to perform more optimizations but also having a longer time for compilation due to the
compiler working with more data.

LLVM IR is lacking higher level language constructs, such as classes [15] and an example
of LLVM IR can be seen in Listing This examp]e comes from emitting IR from a hello-
world program, written in C, using the Clang frontend. On lines 9-14 the main method can
be found with the call to printf on line 12. The declaration of printf can be found on line 16
here it is declared that there exists a function called printf which accept these parameters. It
is however, not defined but expected to be defined in some other file or library.

LLVM IR is written on Static-Single-Assignment-Form (SSA-Form), which was pro-
posed by Zadeck et al [18][19], and aims to create a version of the code which is more casily
optimized by the compiler.

; ModuleID = ’hello.c’

source_filename = "hello.c"

target datalayout = "e-m:e-p270:32:32-p271:32:32-p272:64:64-164:64-1128
:128-£80:128-n8:16:32:64-5128"

target triple = "x86_64-pc-linux-gnu"

@.str = private unnamed_addr constant [13 x i8] c"hello world!\00", align
1

; Function Attrs: nmoinline nounwind optnone uwtable
define dso_local i32 @main() #0 {
%1 = alloca i32, align 4
store i32 0, ptr %1, align 4
%2 = call i32 (ptr, ...) @printf(ptr noundef @.str)
ret i32 0

19
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declare i32 @printf (ptr noundef, ...) #1

attributes #0 = { noinline nounwind optnone uwtable "frame-pointer"="all"
"min-legal-vector-width"="0" "no-trapping-math"="true" "stack-
protector-buffer-size"="8" "target-cpu"="x86-64" "target-features'"="+
cmov,+cx8,+fxsr,+mmx,+sse,+sse2,+x87" "tune-cpu"="generic" }

attributes #1 = { "frame-pointer"="all" "no-trapping-math"="true" "stack-
protector-buffer-size"="8" "target-cpu"="x86-64" "target-features"="+
cmov,+cx8,+fxsr,+mmx,+sse,+sse2,+x87" "tune-cpu"="generic" }

!1lvm.module.flags = !{!0, !1, 12, 13, 14}
111lvm.ident = !'{!5}

10 1{i32 1, !"wchar_size", i32 4}

11 = 1{i32 8, !"PIC Level", i32 2}

12 = 1{i32 7, !"PIE Level", i32 2}

13 = 1{i32 7, !"uwtable", i32 2}

14 = 1{i32 7, !"frame-pointer", i32 2}

!5 = !{!"Ubuntu clang version 18.1.3 (lubuntul)"}

Listing 2.4: LLVM IR of a hello world program

The LLVM IR is built by lowering all source code giving LLVM access to all source code.
When the source code calls functions that are not defined in the source code LLVM can use
"external” functions through declaration of the function names without implementing the
function body for the function within the current IR file. Instead, LLVM can link libraries
with the implementation of the desired functions, thus utilizing functionality that is not

implemented within the IR. An example of this is the inclusion of printfin Listing

LLVM-modules

An LLVM-module is the top-level container for all LLVM IR in the current compilation
scope; it contains the list of global variables and functions this module depends on. When
compiling LLVM IR, it is not uncommon to combine multiple compilation modules to one
program to give the compiler more information to work with possibly enabling more opti-
mizations. If so, there are certain restrictions which apply for the modules.

In LLVM IR, duplicate symbols are not allowed in the module scope, meaning that there
cannot exist two functions, variables or other name-declared symbols with the same name
within the same module. Therefore, when combining multiple LLVM IR modules, the symbol
names must be unique to avoid collisions. LLVM supports declaring a variable internal, thus
making it only visible within the current module.

2.5 Libraries and Linking

This Section describes what code libraries are, how they can be generated and what the link-
ing of a library into an executable means.

20




2.6 MODELICA COMPILER

2.5.1 Libraries

Library files are a collection of code compi]ed for a speciﬁc architecture, for examp]e x86 and
in this thesis we will work in a Linux environment and thus only discuss libraries from a Linux
point of view. Libraries consists of machine code ready to be relocated into the executable,
without any need of compiling, since the compilation process has already been performed on
the code. There are two types of libraries: static and dynamic.

Static libraries are stored in an archive file, and they consist of a number of different
object files. The object files contain the compiled code, and the archive file contains a table
required to find a specific library function[20]. When using a static library, the object files
containing the code required by the compiled program will be linked into the executable by
the linker and used for a single process; meaning multiple programs using the same library
function would have multiple copies of that object file in memory.

Dynamic libraries differ from static through being designed to be shared between many
different executables. This reduces the size of the executables, since they do not have a local
copy of the code from the library but a reference to the shared library[20]. The use of dynamic
libraries will not be explored in this thesis.

2.5.2 Linking of Static Libraries

Linking is the last step of creating a executable file. It is performed by the linker and is used
when code from libraries, such as the standard 1ibrary of the relevant language, is inserted
into the program. The code that is linked is platform specific code, meaning it is a bit-
representation of the assembly code constructed specifically for that platform (x86, ARM,
RISC-V etc). The linker will only include the object files containing code that is used by the
program, thereby reducing the size of the produced binary. [20]

2.6 Modelica Compiler

This Section details the essential parts of the compiler, describing a general Modelica com-
piler and the current and legacy compilers used by Modelon.

2.6.1 General Modelica Compiler

In general, the compilation of Modelica consists of the following steps[21]:

1. Frontend, which parses the Modelica files.

2. Middle end, which performs some transformations of the Modelica code such as in-
stantiation, flattening and ordering of equations.

3. Backend, which performs code generation to create a runnable simulation file.

Compared to the compiler, described in Section a Modelica compiler must create an
execution order for the program. This comes from the fact that equations are declarative and
it is not obvious which equation should be solved first, as described in Section This is

why an additional component, "Middle end", is introduced in the compiler.
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2. BACKGROUND

2.6.2 Modelon’s Modelica Compiler

Modelon is currently in the process of switching from an old compiler to a new one. The
new implementation utilizes a JastAdd frontend, which transforms the Modelica code into a
Transfer-IR, which is taken as input to LLVM and an executable (FMU) is produced. It is at
the LLVM stage that linking of external libraries occurs. The compiler is visualized in Figure
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Figure 2.2: Overview of the new and old compilers

Transfer-IR

When using the LLVM-based compiler, the frontend generates an IR called Transfer-IR and
this IR contains the relevant information for the LLVM backend to generate an executable.
Global variables, functions and algorithms are some examples of what is included in the
Transfer-IR. Additionally, within the Transfer-IR all dependencies of the processed model
are included.

The information from the Transfer-IR is used to construct the LLVM IR, which is com-
piled to the executable. If additional functions, which are not used by the Modelica model,
are included in the Transfer-IR with their dependencies solved, then the generated LLVM IR
will include these functions.

The legacy compiler, used before LLVM was introduced into Modelon Impact, generated
C code as the result of the JastAdd frontend. The C code could then be compiled into an
executable. The legacy compiler is visualized in the Figure

2.7 Precompiling Modelica

This Section details the previous work done in researching precompilation of Modelica and
the difficulties in precompiling Modelica code.
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2.7 PRECOMPILING MODELICA

2.7.1 Previous Work - Model Exchange

This Section presents the previous research for precompiling Modelica code and a technique
to precompi]e Modelica modules.

A technique supported by Modelica to compile models and combine them is through an
interface called Model Exchange (ME) which is part of the FMI-standard. It is a tool indepen-
dent interface for how to combine Functional Mock-up Units (FMUs) [22].

ME is a system for combining compiled models, FMUs, into others thereby reducing
the Compi]ation scope for the Compi]er by avoiding the processing of the Modelica source
code for these models. For instance, in a power plant there might be a heat exchanger and a
reactor core that needs to be cooled that are modeled in Modelica. These can be compiled
into FMUs and then used by a control system via the ME-interface. This control system can be
implemented as a completely different program in another language. This modular approach
to compiled models is similar to the goal of this thesis to precompile functions. However,
there is still the requirement to solve the equations from the compiled model, since it must
be done on a global scope, which does not apply to our investigation of functions since the
functions are dependent on the equation system.

2.7.2 Challenges in Precompiling Modelica

Precompilng Modelica libraries is not as simple as precompiling libraries from other pro-
gramming languages. This is because Modelica is a declarative language. This means that it
does not matter where the equations are defined since they are all building a global equation
system. This means that equations from different component models can interact and effect
how the equations can be solved. This means that there is an upside to having all equations
available in the compiler when doing symbolic simplifications which would not be the case
if models where precompiled.

Example

In Listing there is an example of where precompilation of a model is not possible. In the
model Gain, there is one outpur, called gain_out, and one input, called gain_in. They have a
simple relation with one multiplication that would seem possible to precompile. However,
in TestModel, where Gain is used, the input and output are switched; gain_in is output and

gain_out is input. In the compiled code this will mean that instead of an multiplication, this

ain_out
$22 thus

will lead to a division, since y will be equal to gain_in, which will be equivalent to
rendering the precompiled code wrong,
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2. BACKGROUND

model Gain
parameter Real k = 1;
input Real gain_in;
output Real gain_out;
equation
gain_out = k * gain_in;
end Gain;

model TestModel
Gain gain(k = 2, gain_in = y);

Real x = sin(time);
Real y;

equation
X = gain.gain_out;

end TestModel;

Listing 2.5: Example of a model which is impossible to precompile
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Chapter 3
Method

This Chapter describes the approach used in this thesis to perform precompilation of Model-
icalibraries. The tools and workflows used to evaluate the implementations are also described
here.

The first approach explored was the usage of external C function calls within Modelica,
and it is based on the idea of modifying Modelica code to use these external calls before the
compiler is executed.

The second approach uses the unmodified frontend and middle end of the compiler, but
at the backend, when generating LLVM IR, we have implemented a check to see if a function
is precompi]ed or not. This Avoids code generation of functions which are precompi]ed. The

first approach can be seen in Section 3.1]and the second in Section

3.1 External Function Calls

The first approach examined to reduce the scope of the compilation was to use the external
function calls available in Modelica. This Modelica functionality allows Modelica functions
to call C code instead of an implemented Modelica function. To achieve this, two require-
ments had to be met:

1. C code that can replace the Modelica functions needs to be generated.

2. The Modelica functions need to be modified to call the C function.

To accomplish this, a few changes had to be implemented in the Modelon legacy compiler,
which are described in the following sections.

3.1.1 Compiler Changes

The Changes we have done to the compiler were primari]y to the C code generation from the
Modelica code as well as an implementation of a way to create a header-file which would be
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3. METHOD

used to include the C code inside Modelica. As described in Section[2.6.2] there is function-
ality in the Modelon compiler to generate C code from the Modelica code. This functionality
was used for our purpose of creating a static 1ibrary. However, there were some difficulties
in this approach that we had to address in order to get this to work.

Previously, the generated code would use C structs as parameters, and these could be
used when the entire program was translated to C, but in our case, when the C functions
are called from Modelica, additional constraints are placed on the parameters passed to the
C functions. C structs cannot be used as parameters by Modelica since the types for the
parameters in the external function call have to be Modelica types. Our approach to so]ving
this problem was to remove the usage of C structs so that only Modelica compliant types
were used in the external call from the Modelica code. However, this simplification leads to
some limitations for this approach that are discussed in further detail in Scction

Additionally, we had to pass extra information about some parameters when creating
the external call; more specifically the length and dimensions of vectors. This is because
Modelica passes a pointer to the start of the vector, which is seen as a pointer in the C code.
The vector pointer does not carry any information about the size of the vector; thus, this
information had to be passed as separate arguments. We implemented this in the C code
generation functionality.

3.1.2 Creating a Static Library

Using the previously mentioned changes, we created a static library by finding and isolating
all Modelica functions in the JastAdd frontend and generated the equivalent C code for these.
Then we used GCC to turn these C files into object files that were combined into a static
library. To make the functions visible to the Modelica compiler, we had to implement an
automatic generation of header files for the C functions’ interfaces, then use it within the
Modelica code for the include-annotations.

3.1.3 Modelica Code Modification

In the Modelica files, we had to edit the functions to call the C functions instead of the
Modelica code. This was done by removing the algorithm section and replacing it with an
external function call to the implemented C function. This was achieved by adding multiline
comments at the start and end of the algorithm section and replacing them with the external
call to the C function after the comment. Using the JastAdd frontend, we implemented an
automation of this process. In the call to the function, it is necessary to insert the correct

parameters needed for the C code, as explained in Section

An example of how Modelica source code was changed by modification can be seen in
Listings and With the former being the original code and the latter being the modified

COdC.
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3.1 EXTERNAL FUNCTION CALLS

within Testlib.Testl;
function F
input Real x;
output Real z;
output Real y;

algorithm
y:i= X*X;
Z:= X+X;
end F;

Listing 3.1: Declaration of a simple function

within Testlib;
function F
input Real x;
output Real z;
output Real y;
/*algorithm

y:i= X*X;
Z:= X+X;
end F;x*x/
external "C" func_Testlib_F(x, y, z)
annotation(Library ="Testlib",
Include = "#include <Testlib.h>",
LibraryDirectory = "/path/to/Testlib.c",
IncludeDirectory = "/path/to/Testlib.h");
end F;

Listing 3.2: Function modified to use external call

3.1.4 Benchmarking of Library Using External Func-
tion Calls

We performed benchmarking of the modified Modelica code calling external functions in-
stead of Modelica functions by creating a benchmarking suite. The benchmarking suite con-
sisted of a model using functions performing matrix multiplication of 16x16 matrices imple-
mented by the authors. These matrix functions were chosen by the authors partly because all
operations had to be imp]emented inour precompi]ation approach and part]y because matrix
multiplication is a compute-heavy operation which will show if there are some performance
gains using this version of the precompilation approach. The benchmarks used for this ap-
proach of the thesis were quite limited due to the reduced functionality of the approach in
general, meaning that more complex models, such as the ones detailed in Section could
not be used. Additional discussion of the limitations of this approach can be found in Section
and the result of the tests can be found in Section
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3.2 Libraries Generated from LLVM IR

The second approach examined for implementing precompilation of functions was to iden-
tify and replace Modelica functions directly in the compiler backend without alteration of
the Modelica code. This means that the code follows the intended path of the new compiler,
seen in Figure from Modelica code, to Transfer-IR to LLVM IR.

In this thesis, we have explored two different ways of creating the static library by using
LLVM IR. The first approach, described in Section starts from a Modelica model and
extracts the functions within to construct a static library. We will refer to the compiled
library using this approach as ModelLib. The second approach, described in Section
performs an analysis of a Modelica library through traversing the file structure and adding
functions to the frontend AST. This AST is then used in the compiler to create a static library.
The compiled library using this approach will be referred to as ASTLib.

3.2.1 Building the Static Library

Both approaches presented in this Section follow the same steps to create the static library but
in a slightly different way. The steps to implement the precompilation of Modelica functions
into a library, using the LLVM based compiler, are the following;

1. Identify functions to precompile and create a list of these.
2. Filter out functions that, for one reason or another, cannot be precompiled.
3. Generate Transfer-IR for these functions.

4. Generate the LLVM IR without model dependencies. This is detailed in Sectionm
Combining Functions from Many Models

5. Compile the LLVM IR into a library file.

The issue with implementing these steps is that the compiler is designed to compile models
and the code used by the model, not individual functions. Therefore, the compiler had to be
adapted in order to use it for our purpose of compiling functions.

3.2.2 Building ModelLib

One way of solving these five steps, presented in Section is to process a model in the
frontend, thus generating valid Transfer-IR. The frontend uses call analysis to find all func-
tions used in the function, meaning that the functions in the Transfer-IR might come from
different libraries but they are all used by the model. When the compiler reaches the LLVM-
stage of the compilation, the generated LLVM IR is filtered out to only include the functions
to precompile.

Building the library from a single model and then using it for the same model yields a very
high coverage of the model’s functions due to the fact that all functions used by the model
that can be precompiled have been processed and packaged inco the library. This yields a

minimum overhead in the linking and packaging process because all linked code is used by
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3.2 LIBRARIES GENERATED FROM LLVM IR

the model; therefore, it is a best case scenario for this approach. The results of tests with the
ModelLib can be seen in Figure

The model used in testing this approach was the Gas Extraction model from the Modelon
Modelica library Vapor Cycles. The Vapor Cycle library is a commercial library containing
Modelica code for the development and analysis of vapor compression cycles[8]. The model
itself is one of the test models used within Modelon to ensure that the compiler behaves as
predicted. It was chosen since it is a model with the most calls to Modelica functions of the
models investigated by the authors, as seen in Table The model used in Sectionwas
not used as the authors specifically wrote it for use with external calls due to the limited
functionality of the external call approach. The impact of precompilation of the functions
for the Gas Extraction model has the potentia] to be large on both Compilation and runtime
performance due to the number of functions and amount of function calls.

Combining Functions from Many Models

To create a static library with this approach from many models and not a single one, we pro-
cessed mu]tip]e models and extracted their functions into object—ﬁ]es with one object—ﬁ]e
representing the functions from a single model. If a model uses a function which has been
precompiled earlier by another model, the function will exist in a list of precompiled func-
tions. Meaning, a check whether a function is present in the list decides if the function is
excluded from the compilation, thus avoiding duplicate symbols being defined in the library.
These object—fi]es were combined into a ]ibrary. We automated the entire process of combin-
ing functions from many models and the list of precompiled functions was also implemented
by us. However, combining multiple models caused issues with step 4 in the precompilation
approach, detailed in Section model dependencies.

When using one model for both building the library and then for testing, accesses to the
surrounding context do not cause any issues due to identical structure in both the library
and the model. However, if a function is being precompiled in the context of one model
and used in the context of a another model, the structure of this context is different. For
examp]e, there is an array of‘globa] variables in each model containing records and variables
that are used in many places in the model. This structure will be referred to as "GlobVars".
The structure of GlobVars is different depending on what variables and records exists in that
model. Thus, memory access to the same location in GlobVars would return different types
depending on the execution context.

To mitigate this problem, GlobVars was transformed from being global across the entire
compilation scope to being one internal array for each LLVM-module. This means that when
the precompiled functions access a member of GlobVars they will instead access a local array
with the correct structure and data expected by the function.

To initialize GlobVars, the compiler has a function called in the startup phase of the
simulation. This function performs reading of records, constant arrays, constant variables
and stores them in the global array. When using our approach, an initialization function is
created for each Compi]ation module to fill the local array with data. It is called once; the
first time a function in a LLVM-module makes an access to this array.

Some functions are model specific, for example model algorithms. They are a special type
of function that exists in certain models and are tied to their respective model. In the LLVM-
backend they get a standard name; for example "algorithm0", since they are only intended to
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exist within that module. This is problematic when we add functions from multiple models
together and thus get many "algorithm0" declarations inside of the library, causing duplicate
symbols which makes the library unusable. These algorithm functions have been filtered out
by the authors while creating ModelLib to mitigate this conflict.

Using this implementation, ModelLib was created by extracting functions from the test
models within the following libraries:

+ Modelon Vapor cycle library [8]
+ The Modelon base library [9]
« the Modelica open source Buildings library [10]

The test models within the Modelica libraries are designed to test the functionality of each
library. ModelLib contains about 19000 precompiled functions and the full details of Mod-
elLib can be seen in Table The results from the benchmarking suite using ModelLib is
presented in Section

3.2.3 Building ASTLib

The second approach to create a static library using most of the existing compiler was done by
not starting from a model, but instead traversing the Modelica library directly. This traversal
is done by starting at the root directory in the Modelica library and going through all Mod-
clica source code searching for functions. We add each found function to the compilation
scope. Thus, all functions present in a library will be processed and not only the ones that
are used by a model. We compile the functions without any context from a model, therefore,
functions that are dependent on this context can not be processed using this approach.

An example of such dependencies can be seen in the package Mode]on.Media.Template
that contains several functions using properties of different mediums. A model that uses these
functions is required to provide the data of the medium, for example water, thus providing
some constants that are used for this medium, for example density or heat capacity. These
constants are used in functions to calculate how the specified medium would react in different
situations. Since the Template library does not contain the values for any material but only
the functions accessing this data, these functions cannot be used in the current setting.

Another reason functions could not be precompiled using this approach was that they
were deprecated functions that follow Modelica Standards that are not supported by the
Modelon compiler. These functions have in general been replaced by newer functions per-
forming the same task but are, for legacy reasons, still left in the Modelica code base.

The functions impossible to precompile were prevented from being added to the compila-
tion scope by the use of a blacklist, thus we created a functioning library from the remaining
functions. The results from the benchmarking suite using ASTLib is presented in Section

3.2.4 Using the Precompiled Library

The compiler must also be modified to use the precompiled libraries, and it is broken down
into the following steps:
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L. Identify the functions already precompiled
2. Remove these functions from the compilation scope

3. Link the precompiled library, containing the implementations of the functions, into
the compiled model.

To identify the functions already precompiled, a list containing the function names of
precompiled functions was implemented by the authors. The names are unique inside the list
due to the library-path being part of the name such as Modelica.Media.Common.Helmholtz_pT.

Removing the functions from the compilation scope is done by changing the step in the
compiler where it reads the Transfer-IR of the functions and turns them into LLVM IR. If a
function is found to be already precompiled instead of transferring the entire function into
LLVM IR only the function header is declared within the IR. This header is needed when
other functions call the precompiled function but since it is merely a function header, it does
not need to be processed in the various compiler stages.

The compiler has functionality for linking libraries when compiling a model into an
FMU, thus adding the library with precompiled functions is trivial.

3.3 Evaluation

This Section describes how the evaluation of the created libraries was done; both from a
performance perspective and from a validation perspective.

3.3.1 Large Modelica Models

To test the performance of the precompilation strategies, multiple larger models were tested.
The models chosen for the benchmarking suite were varied in their compile time, complex-
ity and simulation time and some statistics about them can be seen in the Table The
models were selected to evaluate the approach under diverse conditions, ranging from high
improvement potcntial £o No improvement potcntial.

The different models were:

« Air Conditioning Example from the Modelon Vapor Cycle library [8]

+ Data Center Continuous Time Control from the open source library Buildings [10]
« Data Center Discrete Time Control from the open source 1ibrary Buildings [T0]

+ Frequency Sweep Force2 from the Modelon base library [9]

+ Gas Extraction TankOnly from the Modelon Vapor Cycle library [8]

+ XML Test Functions6 from the Modelon base library [9]

« VAV Reheat Guideline from the open source 1ibrary Buildings [10]

The models come from different sample libraries, such as Modelica Buildings[10] for the Data
Center models and VAV Reheat. The others are internal libraries created by Modelon. The
different models’ properties can be seen in Table
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Model Name Functions | LLVM IR Size (MB) | Calls to Modelica functions
Air Conditioning 964 225 202 541 992
Data Center Cont 53 3.0 1174 744
Data Center Disc 53 3.1 58 070 426
Frequency Sweep 52 17.0 8344 762

Gas Extraction 197 12.4 449 055 617
TestFunctions6 6 154.4 6
VAV Reheat 117 28.2 126 306 838

Table 3.1: The different models’ properties, including the number of

function calls to Modelica functions

Running the Performance Tests

The tests for each model were executed as follows:
1. Compile the model without a library and run the executable.
2. Compile the model with ModelLib and run the executable.
3. Compile the model with ASTLib and run the executable.
4. Document the times from step 1-3.
5. Repeat step 1-4 for 100 iterations.

Arun of this test takes around 24 hrs and during this time the computer was left locked with
no other user program active to minimize interruptions coming from the OS doing work in
the background. To reduce the variance between runs, the CPU clock frequency was set to 4.0
GHz (Maximum turbo for our CPU is 4.8GHz) through userspace CPU frequency limiting,
This was done to minimize thermal throttling on the CPU and have a more consistent clock
frequency.

The results of these tests can be seen in Chaptcr and the times presented in the result
is the time spent in the backend of the compiler and the time spent simulating the models.

Note that the compilation time of the precompiled libraries does not count towards the
complete compile time; these libraries are already precompiled when the benchmarking be-
gins.

3.3.2 Validity Testing

Arguab]y, the sing]e most important property in a compi]er is the Va]idity of the Compi]ed
program. A compiler should not implement an optimization that changes the output [23] and
it is therefore critical that our optimization does not change the output of the program. To
examine the validity of the program, a validation-suite of models was used for both precom-
piled and non-precompiled versions and the outputs of the different compilers should yield
the same result. This suite was provided by Modelon and is used for their internal validation
containing hundreds of models and their expected simulation results. Thus, cach version,
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baseline, ModelLib and ASTLib were passed through the validation suite. The resules can be
seen in Table[4.4]

During the testing of the validation-suite, the performance of the compiler is not mea-
sured, only the output is evaluated compared to the baseline’s result.

3.3.3 Profiling of Models

The compiler supports benchmarking for different stages of the compiler, meaning that in-
ternal time measurement of the stages are possible. Three of the test models were subjected
to profiling and each were compiled 100 times with each version; baseline, ModelLib and
ASTLib and the average of these 100 runs for each library is the result seen in Table The

three models profiled were:
+ Gas Extraction (from Vapor Cycle)

+ VAV Reheat (from Buildings)

« Frequency Sweep (from Modelon base library)

They were chosen by the authors due to each model coming from a different Modelica library
and thus representing a broader picture of how the optimization could generalize across Mod-
clica libraries. The various stages in the backend that were profiled were the following:

1. Setup

2. LLVM IR generation

3. Object Code generation
4. Linking of libraries

5. Building of the FMU

The expected result with both of our approaches is a reduction in LLVM IR and object code
generation due to the removal of functions to process. Additionally, it is expected that the
approaches will create an overhead in the linking of libraries, since more libraries are required
to be included, and a longer build time of the FMU. The longer build time of FMU should be
expected due to the increased data from linking of library files because the entire content of
every Object—ﬁle required is added into the process, even though some functions within the
object file are unused. More information about creating FMUs can be read in Sectionm

3.4 Test Environment

The computer setup for testing were provided by Modelon. To make the tests comparable the
same hardware and software was used for all tests. The hardware consists of a four core Intel
CPU, the Core-i7 1185G7, with 8 hardware threads combined with 32GB of unified DDR4
memory. The CPU was limited from userspace to run at 4.0 GHz.

The computer used Ubuntu 24.04.4 LTS as the operating system. All tests where run
inside a Docker development container based on Ubuntu 22.04.5 LTS. The version of Clang
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was 19.1.7, which is the same as the LLVM-version. The linker that has been used was the
GNU Id 2.38. The versions of the used Modelica libraries were: Modelica Standard Library
4.1.0, Modelica Buildings Library 12.1.0, Modelon Base Library 6.0 and Modelon Vapor Cycle
Library 4.0.

The version of the Modelon compiler that our solution is based on is 1.66.
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Chapter 4

Results

This Chapter describes the results from our different tests and a short commentary is pro-
vided for each test result.

4.1 External Function Calls

This Section contains the results from the benchmarks conducted on the model built for us-
age with external function calls described in Section The results, as seen in Figure
indicates that the performance of the compiler and the simulation on this matrix multipli-
cation model is roughly equal when using the precompiled library compared to the baseline.
In Table it can be seen that the model without precompilation was around 3% faster at
the frontend stage in the compiler compared to the precompiled version. On the other hand,
the runtime was slightly faster, around 2% for the precompiled version. The time spent in
the backend was almost identical between the two versions and the total time was essentia]]y

identical.
Version Frontend time (s) | Backend time (s) | Runtime (s) | Total (s)
Baseline 5.95 53.56 2.71 62.23
Precompiled 6.14 53.32 2.65 62.12

Table 4.1: The mean time of each step in the compiler when running
the matrix multiplication model

4.2 Library Generated from LLVM IR

In this Section we present the resulcs from the tests where we have used the generated LLVM
IR to create a static library that is used when compiling Modelica models. The visualization
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Figure 4.1: Results from rep]acing Modelica functions with external

functions on the matrix multiplication model
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of the results can be seen in appendix @ and it is presented in a table format in Table

4.2.1 Optimal ModelLib

In this Subsection we will present the result from the first test using the LLVM-backend
which was performed by extracting all functions from a big model and creating a static library
from them. This library was used to compile the same model, meaning all functions used in

the model exists precompiled in the static ]ibrary.

The results from the preliminary test, using a single model for library generation and
using the library on the same model, shows that both the time spent in the backend of the
compiler and the time it took to simulate the model got significantly shorter when using the
static library, this can be seen in Figure For the backend compilation the results can be
seen in Figure and the results show a decrease in the time spent in compilation with
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29.1%.
The runtime results, that can be seen in Figure show that the time spent running
the simulation also decreases when using the static library. Here the decrease is 10.7 % in the

average case. These resules will be discussed further in Section

Figure 4.2: Results from tests on the Gas Extraction model using
itself as the library source.
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4.2.2 ModellLib

In this Subsection we present the results from testing of the ModelLib built from many mod-
els as described in Section The results are presented in Table|4.3and the box plots of
the measurements are in Appendix@

As can be seen in Table[4.3] there are some models that have a decrease in both simulation
time and compilation time. Especially the Air Conditioning and Gas Extraction models
have faster results while using ModelLib compared to the baseline. These are not as fast
as the preliminary results from Section for the Gas Extraction model, but they still
outperform the baseline. For the other models the time saved by our approach do not exceed
an introduced overhead, leading to worse performance at compile time. Discussions about

possible reasons for this can be read in Sectionm

4.2.3 ASTLib

This Section will present the results from the tests described in Section The results
were mixed with some models performing significantly better while being precompiled and
others not being affected as much. The variance between models can be traced down to how
significant part functions are of the models, with models performing better when there are
more functions and function calls that benefit from precompiling. The results can be seen in
a compact format in Tables and and the boxplots of the performance measurements
are presented in appendix@

37



4. RESULTS

In Table and it can be seen that the models with the largest reduction in IR file

size after precompilation are also the ones that have the most significant change in both

compilation time and simulation time. This is expected since these are the models that have

been affected the most of the precompilation and thus can benefit the most from its upsides.
The results for the model TestFunctions6, which can be seen in Tableare worth noting

since this model serves as a control model for what will happen when there are no functions

to precompile. The model is a big model, 154.4 MB, with almost no functions to precompile

which means that it shows the overhead that is introduced by our approach. The increase in

compilation time for this model is roughly two tenths of a second. We deem this size of the

overhead to be acceptable. We also see that the overhead is not dependent on the model size

or complexity but rather on the library size. We believe this to be reasonable given that most

of the overhead comes from linking and packaging the executable which will be slower when

there are more object code to handle. The profiling results are presented in Section m

Model name

ModelLib

ASTLib

LLVM IR size Number of LLVM IR size Number of’
change in precompiled change in precompiled
MB(%) functions MB(%) functions

Air Conditioning -5.80 (-27.1) 964(100 %) -0.34 (-1.6) 101 (10.5 %)
Data Center Cont -0.25 (-8.7) 46 (86.67 %) -0.04 (-1.4) 17 (31.67%)
Data Center Disc -0.26 (-8.8) 46 (86.67 %) -0.04 (-14) 17 (31.67%)
Frequency Sweep -1.20 (-7.2) 52 (100%) -1.20 (-7.2) 52 (100%)
Gas Extraction -3.80 (-32.0) 197 (100%) -0.22 (-1.9) 25 (12.7%)
TestFunctions6 0.00 (0.0) 4 (66.7%) 0.00 (0.0) 4 (66.7%)
VAV Reheat -0.92 (-3.4) 75 (63.9%) -0.20 (0.74%) 23 (19.7%)

Table 4.2: The precompiled models’ sizes compared to baseline using

both extraction approaches

Model name ModelLib ASTLib
Mean backend Mean Mean backend Mean
time change in simulation time change in simulation
ms (%) time change in ms (%) time change in
ms (%) ms (%)
Air Conditioning -503 (-20.2) -3424 (-7.6) 471 (18.9) -770.6 (-1.7)
Data Center Cont 105.6 (18.2) -2.2(-0.2) 357.7 (61.6) -0.7 (-0.1)
Data Center Disc 72.0 (12.3) 129.5 (0.3) 318.5 (54.5) -155.0 (-0.4)
Frequency Sweep 354 (2.2) 577.8 (2.1) 410.2 (25.8) 252.2 (0.9)
Gas Extraction -310.3 (-20.5) -8708.8 (-9.1) 426.6 (28.2) -4522.3 (-4.7)
TestFunctions6 186.8 (3.0) 1.2(0.2) 545.7 (8.8) -13(-0.2)
VAV Reheat 10.6 (0.4) -588.8 (-0.5) 279.9 (10.4) -953.4 (-0.8)

Table 4.3: Changes in time between both extraction approaches in

milliseconds and percentage compared to the baseline.
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4.2.4 Validity Tests

To validate that the compiler still produces the same outputs as expected when using the
precompiled libraries the Modelon validity tests were run. The results from these test can be
seen in Table The optimized versions had the same success rate as the baseline compiler
implementation. The reason to why the validation of the models did not reach 100% of the
models tested is because the baseline compiler is not production ready, thus having certain
restrictions on what Modelica models it can compile. However, since the compiler with the
precompi]ed libraries fails the same models in the same way as the baseline we determine that
it is likely that the precompilation of functions have not effected the output of the program.

Metric Counts

Baseline ModelLib ASTLib
Tested Models 356 356 356
Successful Models 322 322 322
Compilation Errors 0 0 0
Simulation Errors 19 19 19
Verification Errors 15 15 15

Table 4.4: Results from validity test

4.2.5 Profiling of compiling
The profiling of 3 models can be seen in Table Note that the profiling caused additional

overhead in compilation time and that the numbers seen in Table are for comparison
within the table only to view where additional overhead is located.

Notable with these resules are that when using the libraries, there is a large overhead in
the linking and building the FMU stage compared to the baseline. This overhead is larger
when using ASTLib compared to ModelLib. In Table some stats for the different static
libraries are presented and it is clear that the building of the FMU takes much more time for
ASTLib compared to ModelLib.
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Library Used ‘ Backend Setup ‘ LLVM IR ‘ Object Code ‘ Linking ‘ Build FMU
Gas Extraction
Baseline 76 (100%) 73 (100%) 999 (100%) | 45 (100%) | 232 (100%)
ModelLib 81 (107%) 53 (73%) 660 (67%) 55 (122%) | 295 (127%)
ASTLib 78 (103%) 74 (101%) 989 (99%) 65 (144%) | 624 (269%)
VAV Reheat
Baseline 210 (100%) 154 (100%) | 1638 (100%) | 52 (100%) | 377 (100%)
ModelLib 226 (108%) 166 (108%) 1570 (96%) 66 (127%) | 513 (136%)
ASTLib 219 (104%) 156 (101%) 1624 (99%) 64 (123%) | 749 (199%)
Frequency Sweep
Baseline 95 (100%) 87 (100%) | 1093 (100%) | 39 (100%) | 161 (100%)
ModelLib 102 (107%) 81 (93%) 1058 (97%) 50 (128%) | 223 (139%)
ASTLib 98 (103%) 80 (92%) 1028 (94%) 62 (159%) | 577 (358%)

Table 4.5: Profiling for some of the test models, measuring the time
in milliseconds for the different stages in the backend and the per-

centage compared to the baseline.

Library Size (MB) | Number of Functions | Number of Object Files
ASTLib 12 4058 2
ModelLib 163 19271 4357

Table 4.6: Library statistics
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Chapter 5

Discussion

This Chapter discusses the findings from Chapter

5.1 External Function Calls

The results from using external function calls did yield a small increase in performance and
reduction in compilation time. The gains were quite small, and in the frontend, the precom-
piled version was slower, which is most likely caused by the compiler performing accesses to
the file system to locate the files pointed to by the include annotations. Overall, the differ-
ence between the baseline and the precompiled functions using external calls were so small
that no clear conclusions regarding performance can be drawn. There were, however, a few
issues with this approach which were discovered once testing began.

The first prob]em was that the changes done in the Compi]er limited the scope oﬂanguage
constructs that could be precompiled due to more complex types, such as records, lacking a
corresponding structure within the C code. This is a solvable problem, but given the time
constraints we decided to not rebuild the compiler for this purpose.

Due to the lack of handling of complex types in the functions’ argument, the testing was
limited for this implementation since the complex simulation models, such as Gas Extraction
used in the LLVM [R-approach, could not be tested. Therefore, the validity of this approach
should be investigated further before any concrete conclusions about performance can be
drawn. The root cause of the minimal testing scope is the fundamental problem that Modelica
uses its own language constructs in the external function calls, which must have an equivalent
in the external code, which we did not have for all constructs.

An upside of the approach is that it should be generalizable to all Modelica compilers
since it changes the source code to the external calls; thereby bypassing the normal work-
flow for the code and becomes independent of the compiler implementation. The drawback
with modifying the source code is that the generated code must be equiva]ent, which can
be difficult to guarantee. Additionally, within the Modelica Standard Library, external calls
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are prevalent for time-consuming functions, such as matrix-calculations. Using external calls
is therefore a proven method for precompiling functions with the caveat that the Modelica
code is written to use them in this way. Modifying existing Modelica code to use external
functions in scenarios where it was not intended is possible, as shown in Seetion To han-
dle a general code base with this approach requires a dedicated Modelica to C code generator
designed from the starc with this as a functionality goal.

5.2 Libraries from LLVM IR

This Section discusses the results presented in Seetion These results clearly indicate that
precompilation of functions with optimizations is possible and could yield a very substantial
performance gain, both regarding runtime and compile time. For example, the GasExtraction-
model seen in Figure where there was a substantial reduction in both compile time and
simulation time. However, these gains are not always generalizable to all the models. For ex-
ample, the "TestFunctions6"-model, had worse compile time performance compared to the
baseline and no performance increases at runtime. The big difference between these models
are the number and complexity of the functions used within each.

5.2.1 ModelLib from one model

When running tests with the Gas Extraction model with the ModelLib built only from that
model, the results are very positive; a 29.1% decrease in compilation time and a reduction
in simulation time of 10.7%, as seen in Figure It is also clear from the box plots that the
results are statistically significant since the variance in both compilation time and simulation
time is small compared to the difference between the results of the baseline and the test using
the precompiled library.

One reason that this preliminary test had such a reduction in compile time is that all
functions in the model have been precompiled and optimized into one object file. There
is no unused code in the library, since the entire library is built from what is needed for
this model, and upon linking, no code is included that will not be used by the model. This
leads to minimal overhead in linking and packaging in the last stages of the compiler, thus
most of the time saved in the generation of LLVM IR and object code is not removed by
additional packaging or linking time. The model has many function calls, as can be seen in
Table which makes it possible to reduce the time required for running the simulation
through optimization of the precompiled functions.

Comparison with ModelLib from many models

The difference in results when using a ModelLib constructed from only one model and a
ModelLib from many models can be seen when comparing figures and with figures
and for the model Gas Extraction. The smaller library is faster, both regarding
compilation time and simulation time. This is in line with the results presented in Section
Where itis stated that the overhead mostly comes from linking object files and packaging
the FMU. When building the library from many models there will be multiple object files that

are linked in and these will contain machine code that is not used. This unused code will result
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in unnecessary overhead due to the packaging into FMU. This overhead could be avoided by
structuring the object files so that no extra code is included when linking the object files.
This could possibly be done by generating many object files with very few functions in each,
but this would lead to an increased linking overhead. This is something in need of more
investigation.

The simulation time is difficult to profile, due to a lack of tools for profiling the executed
functions. To prove where the decrease in simulation time appears, such a tool is required.
However, our view is that the ModelLib created from many models have introduced a slight
overhead in execution time due to the management of GlobVars, see Section and is the
cause of the performance loss. However, more sophisticated profiling tools are required to
validate this claim.

5.2.2 Performance Changes

This Subsection discusses the findings of the performance changes, both compile time and
runtime, and also discusses possible explanations for these findings.

Compile Time Performance

For the models with no performance gains, a common pattern can be seen: The reduction in
LLVM IR size was very low. The models with major performance gains had a large reduction
in LLVM IR size, see Gas Extraction and Air Conditioning models in Table After pro-
filing, see results in Table , it can be seen that our approach primarily reduced the time
to generate LLVM IR and generate object code. We think it is reasonable that the functions
with large reduction in LLVM IR are the ones with improved compile time performance.
However, there is a small overhead caused by our approach that is dependent on how the li-
brary is constructed. As described in Section this overhead comes mainly from linking
the object files and packaging the executable.

For ASTLib, the overhead was increased significantly compared to both ModelLib and
the baseline, which can be explained by the profiling; due to ASTLib only containing two
object files, the entire library will often be included into the FMU; thus causing additional
overhead when packaging. The same problem exists for ModelLib, but significantly reduced
due to the more "intelligent" division of the object files within the library.

This is also supported by the fact that the FunctionTests6-model is around 200 ms slower
compared to the baseline. This model did not have a notable decrease in LLVM IR size
at all and had very few and very small functions. Therefore, it does not gain much from
precompiling, but we think it is still subject to the overhead introduced by linking object
files with more code than required, causing additional packaging costs.

We have also introduced a small overhead in the stage of generating LLVM IR due to
evaluating if a function is precompiled or not. This overhead comes from the fact that we
have a file with the names of all functions that have been precompiled that needs to be read
into a set, which we then use to check whether a function is precompiled or not. The parsing
of the file happens only once and is done in parallel with the setup of the compiler, which
means that it has completed parsing the file when the set is used in the compiler. Thus, we
view this overhead in the LLVM IR generation as minimal and will not discuss it further.
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We think that having an overhead that is on the order of tenths of seconds is a completely
acceptable prize to pay for the gains that we have in both compilation and runtime for larger
models such as Gas Extraction.

In this thesis, the functions have been excluded relatively late in the compiler, namely
in the backend. Excluding functions earlier in the compiler would require the headers of
precompiled functions to be included in the Transfer-IR, for usage in the backend, thus re-
quiring a large modification of the compiler. This is a conscious restriction that we have done
for this approach. However, we think it is reasonable that if the exclusion of functions were
to be implemented earlier in the compiler, even more time could be saved.

Runtime Performance

The runtime performance follows a similar pattern; large reduction in LLVM IR leads to a
large decrease in simulation time, which is expected behavior since more code has been op-
timized. The performance penalty for the worst model tested was less than 2.1%, see model
Frequency Sweep in Table and we think this is explained by the small overhead intro-
duced in every library function relying on GlobVars, causing additional time spent initializ-
ing the local data for functions at runtime. This would also explain why ASTLib has a lower
overhead compared to ModelLib for this model; ASTLib has fewer initializations compared
to ModelLib since an initialization happens once per included object file and occurs the first
time a called function uses GlobVars. ModelLib has many more object files compared to
ASTLib, as seen in Tab]e thus making this a possible culprit for the overhead.

This overhead is solving the issue that memory is stored globally in each LLVM-module,
and the compiler is designed to only have one module; which is for the whole model being
compiled. Therefore, each precompiled module requires its own data storage location that
does not interfere with the globally defined storage location and to handle this, a private
storage location is declared within each LLVM-module. This is then initialized when the
first function dependent on this structure of the module is used; thus creating an overhead
of a branch-statement in every dependent function of the module and the initialization of
the required data.

When using the compiler without our optimization, all data initialization happens once
at the start of the program. In the precompiled implementation, every module initializes the
data required for that specific module upon the first call to a function relying on GlobVars.
This creates the possibility of duplicate data being loaded into memory for, since each module
has its own memory management, causing an increase of memory usage, and a lower runtime
performance due to the additional memory operations generated by having duplicated data
in memory.

There is a possibility of making this problem smaller by being smarter when choosing
what functions are placed in which modules. Placing functions using the same global con-
stants in the same compilation module would make the compiler spend less time initializing
data. The extreme is to put all functions in the same compilation module. One problem with
this is that, if using static libraries, it will make the FMU bigger in size and more time will
be spent packaging the FMU in the backend. This can be seen with ASTLib in Table

The performance gains for the best models were up to almost 10%, as seen in Figand
which indicates that the optimized functions are reducing the simulacion time. This is

the expected behavior from our optimization on the runtime performance.
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5.2.3 Overhead when Using ASTLib

When using the library built through analyzing the library there is some overhead compared
to both the baseline and the ModelLib. Through profiling of the compilation, a single step
was responsible for the increased overhead; packaging the compiled model into the FMU
format. This can be seen in Table The ASTLib consists of only two large object files,
thus it is very likely that the entire library is linked into the executable even if only a few
functions are being used. This means that the executable will contain more object code than
necessary which will slow down the packaging of the files. This prob]em could possib]y be
solved by splitting the library into smaller object files or using a dynamic library instead of
a static one so that not all of the functions needs to be packaged together with the FMU.
However, additional investigation into splitting the library into several object files actually
increased packaging time even more. These preliminary tests where done in a crude way
meaning there where many unnecessary declarations of function headers in the LLVM IR.
All the functions were declared in each file but only a few implemented, thus increasing size
of the library by more than an order of magnitude; to 170 MB from 12 MB, and the functions
were divided randomly. Adding an analysis pass where the functions are divided according
to what functions will tend to be used together and also not including unnecessary header
declarations in the LLVM IR will possibly make this overhead much smaller. In ModelLib,
this split was done because each model created an object file with the functions within that
model and for this approach the packaging overhead was not as extensive.

5.2.4 Comparison and Potential Usage

The two approaches presented in this thesis serve different purposes. They can both serve a
purpose in a Modelica tool but in different settings. Firstly, ASTLib can easily be incorpo-
rated in the normal release cycle of Modelica libraries. It would mean that, when releasing a
new version of the Modelica library, a static ]ibrary is built and bundled with it. This ensures
that all functions intended for use outside the library are precompiled and will be run with
optimizations that will enable faster simulation times.

In contrast, the approach extracting functions from a model can be incorporated more
directly in the compiler used by developers. It can leverage the fact that developers tend to
compile the same model many times during development and between these recompilations,
most of the code remains unchanged. To implement this, some kind of check would need
to be done to see if a Modelica function has been altered or if it is safe to use the precom-
piled version. This could potentially be implemented as a worker in Modelica tools, always
working in the background to produce the most up to date library possible. It could also be
implemented as an extra pass in the compiler trading a small increase in compile time dur-
ing the first compilation of the model against creating a reusable static library that can be
used during subsequent compilations. This use case is similar to the tests with the optimal

ModelLib discussed in Sections4.2.1l and [5.2.1]

5.2.5 What Functions Cannot Be Precompiled

For the approach building libraries from models, all functions, except the model algorithm,
could be precompiled due to all the necessary data being available at compile time. Algorithm
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functions were not precompiled due to naming collisions; the name within the library must
be unique. Additional]y, it the a]gorithms are from read—on]y models, there might be value
in precompiling these as well but that requires solving the naming collision issue.

When building the ASTLib there were some functions that were not precompilable. The
most common reason for this was missing information which is supposed to be specified by
the model using the function. This information was mainly material properties, where values
such as density, conductivity and other material properties were defined.

There were also some functions where it was not possible to precompile the code due to
incompatibility between the Modelica code and the Modelon compiler. These were mostly
legacy functions, thus the new compiler no longer supported these functions. Additionally,
there were some functions using tool specific functions from an another Modelica tool, these
functions are not standard Modelica and are thus out of scope for this thesis.

5.2.6 Validity of Precompilation Results

From Tab]e the validation results are on par with the baseline compiler implementation.
The expected behavior is identical behavior and is fulfilled by the optimized versions. Thus,
indicating that the compiler behaves in the same way for the different validation models.
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Chapter 6

Conclusions

This Chapter summarizes the conclusions of this thesis, answers the research questions stated

in|l.1{ana discusses potential tuture work.
TQand d P I fut k

6.1 Research Questions

Thls Section answers the TGSGQ,TC]’I questions zmd draws CO]’]C]USiOl’lS around thCTﬂ based on

the discussions in Chapter

6.1.1 Extraction of Modelica Functions

Our first research question detailed how Modelica functions could be extracted and precom-
piled:
"How can Modelica functions be extracted and precompiled?"

We found three ways of achieving this:

1. Generate C code that implements the function, compile it and replace the Modelica
function with an external call to this function.

2. Process the model as usual in the compiler, but when generating the intermediate rep-
resentation (LLVM IR), only include the functions used by the model.

3. Filter functions from a library in the frontend; only process the AST-nodes that are
functions and generate code for these.

Of these three approaches, only the second and third yielded any resules that differentiated
themselves from the baseline. Therefore, for the rest of the research questions, only these two
approaches will be discussed.
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6.1.2 Precompilation Performance Changes

Our second research question tackled the performance side of things:
"How does precompilation of functions affect runtime and compile time performance?"

A clear conclusion here is that some models gain performance from precompilation of
functions, while others do not. The best measurement of performance improvement for our
approach, both for compile time and runtime, is the reduction in LLVM IR. A large reduction
of LLVM IR yields a compile- and runtime performance increase.

6.1.3 Limitations of Precompiling Modelica Functions

Our last research question detailed when Modelica functions are unable to be precompiled:
"When is it not possible to precompile a Modelica function?"

If the Modelica function is dependent on information not known at compile time, then
it cannot be precompiled in the context of this thesis. Such functions can be encountered
in Modelica; template functions that require a model to enter media properties, such as the
density of the material, in an array which is then used by the function. Without the model
context, compilation of such functions are not possible to do in a efficient way, but with the
model context they can be compiled as well. These functions will probably be possible to
precompile by turning them into closures but we have deemed this outside the scope of this
thesis.

Another limitation is the risk of name collisions between the static library and the model
using the library. Such examp]es were the a]gorithm functions. These are not impossible to
precompile, if relevant data is known at compile time, but there must be a system designed to
avoid naming collisions. The library functions used in this thesis were named after its unique
path in the library to solve this issue.

In conclusion, a Modelica function can be precompiled, just like any other language, when
all dependencies are known at compile time. Additionally, naming collisions must be avoided
in order to enable precompilation of Modelica functions.

6.2 Future Work

This sections discusses some potential optimizations that were not done in this thesis such
as precompilation of model algorithms, a general method for optimizing dynamic functions,
and exclusion of precompiled functions earlier in the compiler. These will be discussed in
the context of the second approach tested with the LLVM-based compiler.

6.2.1 Precompilation of Dynamic Code

To widen the scope of precompilation, reusing code which does not belong to read-only li-
braries could yield additional performance gains. This would require a way to identify if
the precompiled version is outdated with the current source code; if true, then compile the
function as normal and replace it in the library. It would essentially be a cache for these func-
tions, meaning subsequent compilations without changes to the dynamic functions should
be faster.
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6.2.2 Precompilation of Algorithms

The implementation of optimizing Modelica functions is currently excluding the algorithm
functions of models. This is due to the naming convention of algorithms in LLVM IR is only
a counter for them; algorithm0, algorithm1 etc, as of the time of writing. Thus, precompil-
ing these does not yield unique function names and would cause collisions when the library
algorithms and the algorithms used in the model would be merged together. Therefore, cre-
ating unique names for the algorithms should be sufficient for precompiling, if the models’
algorithms are static. If the algorithms could be modified, then a method of comparing the
precompiied version with the source code version is required.

6.2.3 Exclusion of Precompiled Functions Early in the
Compiler

In the implementation described in this thesis, the exclusion of functions appear late in the
compiler; before LLVM IR generation. This means that the frontend and middle-end have to
process these functions which is additional work that should not be required to do. It would
not be possible to exclude the functions completely since the function signature is needed
to perfbrm error checking. However, the algorithm section could be excluded 1eading to less
work for the compiler.

6.2.4 Static Libraries Compared to Dynamic Libraries

In chis thesis we have only created static libraries when precompiling Modelica functions.
The alternative to this would be to use dynamic libraries instead. This would possibiy reduce
compilation time since the linker does not have to link the object files from the dynamic
library into the FMU, only providing references to these functions. This should make the
compiled FMU smaller, but dependent on the runtime environment, making it less portable.

A smaller FMU should cause a reduction in the time to package everything and thereby
reducing the compile time of the model. However, this would possibly have a negative effect
on the simulation time since the runtime environment would have to load the used functions.
It might be interesting to do some measurements to decide which of these paths is beteer.

6.3 Threats to Validity

This thesis has explored how precompiling Modelica functions effects the compile time and
runtime performance. The results presented in Chapterpoint to there being a improvement
in both compile time and runtime performance under some circumstances but there are still
uncertainties that might effect the correctness of these results.

The validity tests used in this thesis to validate that the compiler produces a correct
program are not completely reliable. One problem with the validity tests are that, since
the Modelon compiler is still under development, not all validity tests pass for the baseline
compiler. Although we have run the validation tests and the same test models pass compared
with the baseline, it is possible that some of the failed tests fails in a different way for the
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approach presented in this thesis compared to the baseline. These validation tests might not
cover all possible Modelica functions, indicating that there could be some edge cases this
approach fails. But, we view this as unlikely due to identical output compared to the baseline
for the passing models.

All tests during this thesis has been performed using the Modelon compiler and the Mod-
clon Modelica tool. This means that the thesis utilizes how the Modelon compiler represents
functions internally. Another compiler with a different internal scructure mighe get differ-
ent results. However, it seems likely to us that the general findings will generalize to other
Modelica tools and compilers.

A last threat to the validity of the tests are the fact that this thesis does not use section-
based linking. Section-based linking is a tool built into compilers that allows for only bring-
ing in the used symbols when linking to a static library. If this was used then the overhead
caused by linking unnecessary functions into the executable would probably be removed.
This would mainly benefit the compile time performance of ASTLib where there was a big
performance penalty for including too much from the object files; possibly all 4058 func-
tions. Adding section-based linking would probably not effect the conclusions of this thesis
in a negative way but would rather serve to solidify the usefulness of precompiled library
functions. If tests with section-based ]inking where perfbrmed then it is probable that the
answer to RQ 2, declared in Sectionwould change.
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Appendix A

Boxplots from Testing

Figure A.1: Results from the tests on the Gas extraction model.
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A. BOXPLOTS FROM TESTING

Figure A.2: Results from the tests on the Air Conditioning model.
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Figure A.3: Results from the tests on the Frequenzy Sweep model.
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Figure A.4: Results from the tests on the FunctionTest6 model.
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Figure A.5: Results from the tests on the VAV Reheat model.
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Figure A.6: Results from the tests on the Discrete Time Control
model.
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A. BOXPLOTS FROM TESTING

Figure A.7: Results from the tests on the Continuous Time Control
model.
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When we do work, it's usually better if we can finish it faster. Imagine drawing a
house that has a beautiful window. If you want to add more windows, it would be
easier to copy the one that is already drawn. This is a good way to save time.

In this thesis, instead of drawing windows and
houses, the work is to simulate different kinds of
things, for example a race car. This is done so
that companies do not have to build many differ-
ent versions of a car. Instead, they can test many
versions on a computer.

Modelon is a company that creates a tool that
can do this simulation. But this tool also takes
some time to run, time that race car manufactur-
ers want to spend on other things instead of wait-
ing for a computer to work. The race-car manu-
facturer creates a model of their car in a program-
ming language called Modelica. Before the model
can be simulated, it must be turned into code that
the computer understands. This process is called
compiling. This thesis focuses on reusing parts
of this compiled code.

Using old work is good but it is not always easy
to do it in a good way. If every house in a village
looked exactly the same, it would not look realis-

tic. In the same way, we must be careful to only
reuse parts that do not change the final result. It
is not possible to reuse all of the code for the ma-
chine, so this thesis looks at which parts can be
reused safely.

An artist might decide from the beginning that
they are going to draw one window and then reuse
it, then it makes sense to spend more time making
sure that that window looks really good so that
all windows in the final drawing will be stunning.
This same concept applies to the work done in
this thesis, the parts we know will be used many
times can be improved more, so they run as fast
as possible and reduce waiting time.

We tested different approaches and found that
it is possible to reuse previous work in a way that
reduces both the compilation time and the simu-
lation time. How much time is saved depends on
which model is being simulated.
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