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Abstract

Peaforming computational experiments on mathematical models instead of building and
testing physical prototypes can drastically reduce the develop cost for complex systems
such as automobiles, aircraft, and powerplants. In the past three decades, a new category
of equation-based modeling languages has appeared that is based on acausal and object-
oriented modeling principles, enabling good reuse of models. However, the modeling
languages within this category have grown to be large and complex, where the specifi-
cations of the language’s semantics are informally defined, typically described in natural
languages. The lack of a formal semantics makes these languages hard to interpret unam-
biguously and to reason about. This thesis concerns the problem of designing the seman-
tics of such equation-based modeling languages in a way that allows formal reasoning
and increased correctness. The work is presented in two parts.

In the first part we study the state-of-the-art modeling language Modelica. We analyze
the concepts of types in Modelica and conclude that there are two kinds of type concepts:
class types and object types. Moreover, a concept called structural constraint delta is
proposed, which is used for isolating the faults of an over- or under-determined model.

In the second part, we introduce a new research language callétbtdfeling Kernel
Language (MKL) By introducing the concept of higher-order acausal models (HOAMS),
we show that it is possible to create expressive modeling libraries in a manner analogous
to Modelica, but using a small and simple language concept. In contrast to the current
state-of-the-art modeling languages, the semantidwaf to usethe models, including
meta operations on models, are also specified in MKL libraries. This enables extensible
formal executable specifications where important language features are expressed through
libraries rather than by adding completely new language constructs. MKL is a statically
typed language based on a typed lambda calculus. We define the core of the language
formally using operational semantics and prove type safety. An MKL interpreter is im-
plemented and verified in comparison with a Modelica environment.

This research work has been funded by CUGS (the National Graduate School in Com-
puter Science, Sweden), by SSF under the VISIMOD Il project, by Vinnova under the
NETPROG Safe and Secure Modeling and Simulation on the GRID project, by the ITEA2
OPENPROD project, by Linképing University under the ELLIIT project, and by the
Swedish Research Council (VR).
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SE-581 83 Linkdping, Sweden






To my lovely wife Asa and wonderful childen Tove and Hampus






Acknowledgments

First, | would like to express my gratitude to my supervisor Peter Fritzson, who made
this thesis possible in the first place by believing in me and enrolling me into the PhD
program. You have supported and helped me in many situations during this thesis work.

My greatest thanks to Jeremy Siek who was my host when | was visiting University
of Colorado at Boulder as a guest scholar in 2008 and then became my co-supervisor.
Your help, energy, and friendliness have been invaluable for me while struggling with
semantics, lemmas, and proofs.

I would especially like to thank Thomas Schon, my old friend and research "mentor”,
for giving me inspiration and advice during this thesis work.

Thanks to all the members of Modelica Association who have taken part in the Model-
ica design meetings that | have been attending. These discussions have given many ideas
to this research. | would also like to thank all colleagues at PELAB for interesting, fun,
and sometimes devastating long coffee break discussions. A special thanks goes to Bodil
Mattson Kihlstrém for all your help during these years.

These five years have not just included time for research, but also a large amount of
teaching. | would especially like to thank Kristian Sandahl who has been my colleague re-
garding common teaching efforts in software engineering. Our interesting and sometimes
too long discussions have been giving a lot of energy during these years.

During most of the time of this thesis work, | have been living in Stockholm but
working in Linkdping. Several people have helped me to make this life easier. Thanks to
Thomas Sjoland and Bjorn Lisper for arranging a room at KTH in Kista, Mikael Zayenz
Lagerkvist for interesting discussions, and my grandmother Ingrid Broman who has been
an almost too friendly host in Linkdping.

I would also like to thank the following people for many interesting discussions dur-
ing the last years: Johan Akesson, Sébastien Furic, Dirk Zimmer, Hans Olsson, Thomas
Doumenc, and Michael Tiller. | would especially like to thank Henrik Nilsson for all
rewarding discussions and for inviting me over to Nottingham.

Parts of the final draft of this thesis have been proofread by Jeremy Siek, Thomas
Schon, Henrik Nilsson, Walid Taha, Sibylle Schupp, and Hilding EImgvist. I'm grateful
for all comments and suggestions which substantially have improved this work. | would
especially like to thank Peter Fritzson for his painstaking effort of reading the whole draft.

Thanks to all my friends and family for all the support you have given me. Thanks
to my mother Eva, father Olof, mother-in-law Britt-Marie, and father-in-law Rune for all
invaluable help you have given me and my family during the last months. Especially, |
would like to express my deepest gratitude to my lovely wife Asa, who has encouraged
me during this time. Without your help, love, and energy, this thesis would never have
been completed. | also want to thank my wonderful children Tove and Hampus. During
my parental leaves in the fall 2008 and the fall 2010 you have really reminded me that
there are other more important things in life than modeling languages.

Finally, | would like to thank the Ethiopian goatherd who according to a legend first
discovered coffee. Without this vital beverage, this thesis would never have been finished.

Linkdping, August 30, 2010
David Broman

Vi






1

Contents

Introduction 1
1.1 Modelingand Simulation . . . . ... .. ... ... . . . .. 2
1.1.1 Example of a Mechanical System . .. ... ........... 3
1.1.2 Importance of Modeling and Simulation . . . . . ... ... ... 6
1.2 Equation-Based Object-Oriented Languages . . . . . . . . .. ... ... 6
1.2.1 Domain-SpecificLanguage . . . . . .. ... .. ... ...... 7
1.22 Objects . . . . . . . . e 8
1.2.3 Mathematical Equations and Acausality . . . . .. .. ... ... 9
1.3 ProblemArea . . . . . . . . 12
1.3.1 SafetyAspects . ... ... .. . ... .. 12
1.3.2 Expressiveness and Extensibility Aspects . . . . ... .. .. .. 14
1.4 ResearchQuestions . . . . . . . . . . . . .. i 14
1.4.1 Understanding the Semantics of the Modelica Language . . . . . 15
1.4.2 Early Detection of ModelingErrors . . . . . ... ... ..... 15
1.4.3 Expressive and Extensible Formal Semantics . . . . . . ... .. 15
144 SCOPE . . . . e 16
1.5 Thesis Outline and Contributions . . . . . . . .. ... ... ... .... 16
151 Partl-The ModelicaLanguage . . ... ... .......... 16
1.5.2 Partll - The Modeling Kernel Language . . . . . ... ... ... 17
1.5.3 Partlll - Related Work and Concluding Remarks . . . . ... .. 18
154 PublishedPapers . . ... ... ... . . .. ... 18
155 Originof Contributions . . . . . . ... ... ... ........ 20
1.5.6 ReadingGuidelines. . . . . ... ... ... . ... .. ... .. 21
1.6 ResearchMethod . .. .. ... ... ... ... ... ... ... 21



Contents

The Modelica Language 23
Introduction to Modelica 25
2.1 Equation-Based Modelingin Modelica. . . .. ... ... ........ 26
2.2 The Modelica Compilation and Simulation Process . . . . ... ... .. 29
2.3 Chapter Summary and Conclusions. . . . . . ... ... ... ...... 31
Specifying the Modelica Language 33
3.1 Introductionand Motivation . . . . .. ... ... oL, 34
3.1.1 Unambiguous and Understandable Language Specification . . . . 34
3.1.2 Previous Specification Attempts . . . . ... ... ... ... .. 34
3.1.3 Abstract Syntax as a Middle-Way Strategy . . . . ... ... .. 35
3.2 Specifyingthe Modelicalanguage . . . . . . ... ... ......... 36
3.2.1 Transformation Aspectd¥hatis Actually the Result of an Exe-
cution? . . ... 36

3.2.2 Checking AspectsWhatis actually a Valid Modelica Model? . . 37
3.2.3 Specification Approachesgfow can we State What it's all About? 39

3.3 An Abstract Syntax Specification Approach . . . . . ... ... ... .. 40
3.3.1 Specifying the ElaborationProcess . . . .. .. ... ...... 40
3.3.2 Specifyingthe AbstractSyntax. . . . . .. ... ......... 41
3.3.3 The Structure of an AbstractSyntax . . . . . ... ... ..... 42
3.3.4 A Connector S-AST Example with Meta-Variables . . . . . . .. 42

3.4 Chapter Summaryand Conclusions. . . . . . ... .. ... .. ..... 44

Growing the Modelica Language 45

4.1 Different Ways of GrowingaLanguage . . ... ............. 46
411 TheWaysof GrowthMatrix . ... ... ............. 46
4.1.2 Growth by Adding New Language Features . . . . .. ... ... 46
4.1.3 Growth by Adding Syntactic Sugar . . . . ... ... ...... a7
4.1.4 Growth by New Meanings of Annotations or Built-in Functions . 49
4.1.5 Growth by New User Defined Abstractions . . . . . .. ... .. 50
4.1.6 RestrictingthelLanguage . . . . .. . ... ... ... . ..... 50

4.2 TheRightWaytoGrow . . . . . . . . . . ... i 51
4.2.1 Stakeholders of an Object-Oriented Equation-Based Modeling Lan-

QUAJE . . . e 51
4.2.2 Language Designers’ Perspective . . . .. ... .. .. ..... 51
4.2.3 EndUsers Perspective . . . .. ... ... ... ......... 52
4.2.4 Library Users’ Perspective . . . . . .. ... ... ... ..... 52
4.2.5 Tool Vendors’ Perspective . . . . . . ... ... L 53

4.3 Chapter Summary and Conclusions.. . . . . . ... ... ... ...... 53

Types in the Modelica Language 55

5.1 Types, Subtyping and Inheritance . . . . . . ... ... ... ....... 56
5.1.1 Language Safety and Type Systems . . . . . ... ... ... .. 56
5.1.2 Subtyping . . . . . ... 58
5.1.3 Inheritance . . . . . .. ... 59

5.1.4 Structural and Nominal Type Systems . . . . . . . ... ... .. 61



Xi

5.2 Polymorphism. . . . . . . .. .. 63
52.1 Subtype Polymorphism. . . . . ... ... ... ... ... ... 64
5.2.2 Parametric Polymorphism . . . .. ... ... ... ... ... 65
5.2.3 Ad-hoc Polymorphism . . . ... ... ... ... ........ 65

5.3 ModelicaTypes . . . . . . . . . e 67
5.3.1 Class Typesand ObjectTypes . . .. .. .. ... .. ... ... 67
5.3.2 PrefixesinTypes . . . . .. .. .. ... ... 71
5.3.3 Completeness ofthe Type Syntax . . . . . .. .. ... ... .. 74

5.4 Chapter Summaryand Conclusions. . . . . . . ... ... ... ..... 74

Over- and Under-Constrained Systems of Equations 75

6.1 Problemand Motivation . . .. ... ... ... L L 76

6.2 FeatherweightModelica . . .. ... ... ... ... .. ........ 77
6.2.1 Syntaxand Semantics . . . ... ... ... 78
6.2.2 Type-Equivalenceand Subtyping . . . . ... .. ... ..... 78

6.3 The Approach of Structural ConstraintDelta . . . . ... ... ... ... 80
6.3.1 Algorithms for Computing’a andEx . . . . . ... ... ... 81
6.3.2 Extendingthe Type Systemwiffn . . . . ... ... .. .... 87

6.4 Prototype Implementation . . . . ... ... ... ... ... L. 87
6.4.1 Constraint Checking of Separately Compiled Components . . . . 88
6.4.2 Error Detection and Debugging . . . . . ... ... L. 90

6.5 Chapter Summary and Conclusions. . . . . ... ... .......... 91

The Modeling Kernel Language 93
Introduction to Functional Programming in MKL 95

7.1 Functional Programmingin MKL . . . . ... .. ... ... ...... 96
7.1.1 Higher-Order Functionsand Currying . . . . . . ... ...... 97
7.1.2 Tuples, Lists, and Pattern Matching . . . . ... ... ... ... 101
7.1.3 Equality, Abstract Data Types, and Modules . . . . .. ... ... 103

7.2 Lambda Calculus and Operational Semantics . . . ... .. ... . ... 105
7.2.1 UntypedLambdaCalculus . . ... ... ... .......... 105

7.3 Chapter Summary and Conclusions. . . . . .. ... ... ........ 108

Modeling in MKL 109

8.1 Basic Physical ModelinginMKL . . . . ... ... ........... 110
8.1.1 ASimple Electrical Circuit. . . . ... ... ... ........ 111
8.1.2 Models and Equation Systems . . . . . ... ... ..., 113

8.2 Higher-Order AcausalModeling . . . . .. ... ... ... ....... 115
8.2.1 Parameterization of Models with Models . . . . ... ... ... 116
8.2.2 Recursively DefinedModels . . . ... ... .. ... ...... 117
8.2.3 Higher-Order Functions for Generic Model Composition . . . . . 119

8.3 Dynamic Data Structures and Polymorphism. . . . ... ... ...... 121
8.3.1 Model Composition over Listsof Models . . . . ... .. .. .. 121
8.3.2 Parametric Polymorphism . . . .. ... ... ... ... ..., 122

8.4 Chapter Summaryand Conclusions. . . . . .. . ... ... ... .... 123



Xii Contents
9 Intensional Analysis of Models 125
9.1 ModelsandUnknowns . . . ... ... ... ... . .. ... ..., 126
9.1.1 Unknowns . .. .. .. 126
9.1.2 ModelType . . . . . . 126
9.1.3 Modelsas Data Structures . . . . . ... ... ... ... .... 128
9.2 Intensional Analysisof Models . . . . . ... ... ... ... ... ... 129
9.2.1 Pattern MatchingonModels . . . . .. .. ... ... ...... 129
9.2.2 Analyzing Systems of Equations . . . . ... ... ... ..... 131
9.3 Chapter Summary and Conclusions. . . . . . ... .. ... .. ..... 135
10 Semantics of MKL 137
10.1 Syntax . . . . . e 137
10.2 Type System and Model Lifting . . . . ... ... ... .. ... .... 139
10.2.1 TypeConsistency . . . . . . . v v v i e 140
10.2.2 TypeSystem . . . . . . . e 141
10.2.3 ModelLifting . . . . . . . . .. 143
10.3 Cast Insertion and Dynamic Semantics . . . . . . . . . . ... ... ... 144
10.3.1 Castlnsertion . . . . . . . . ... 145
10.3.2 Dynamic Semantics . . . . . . . ... 146
10.3.3 CastsS . . . . . 148
10.4 Type Safety . . . . . . . . . 148
10.5 Extendingthe Core . . . . . . . . . ... 151
10.5.1 Other ExpressionsandtheBotType . . . . ... .. .. ... .. 151
10.5.2 PatternMatching . . . . . . ... . ... . ... ... 152
10.5.3 Lifting and Binary Operators . . . . . . . . ... .. ... .... 152
1054 Equality . . . . . . . 152
10.6 Chapter Summary and Conclusions. . . . . ... ... ... ....... 153
11 Elaboration Semantics 159
11.1 Overview of Elaboration . . . . .. . ... ... ... ... ... . 159
11.1.1 Type CheckingofModels . . . .. .. ... ... ... ..... 160
11.1.2 Collapsing the Instance Hierarchy . . . . ... ... ....... 161
11.2 Connection Semantics . . . . . . . . . ... 161
11.2.1 A Minimal Circuitin Modelica . . . ... ... .. ... .. .. 161
11.2.2 AMinimal Circuitin MKL . . . . . .. .. ... .. .. ..... 164
11.2.3 Formalization of the Connection Semantics . . . . ... ... .. 168
11.2.4 Composition, and Multiple States . . . . . . ... ... ... .. 170
11.2.5 Executable Specification . . . . ... ... ... .. ... .... 173
11.3 Extracting Model Information . . . . ... ... .. ... ........ 177
11.3.1 Hierarchy Namingvs. Probing . . . . ... ... . ... ..... 177
11.3.2 Modelingwith ProbesinMKL . . . . . ... ... ... ..... 178
11.3.3 Elaboration Semanticsof Probes . . . . . . ... ... ... ... 180
11.4 Chapter Summary and Conclusions. . . . . . ... .. ... ... .... 181



12 Implementation, Verification, and Evaluation 183
121 Implementation . . . . . . . . . 183
12.1.1 File Includerand SymbolTable . . . . . ... ... ... .... 184
12.1.2 Desugaring . . . . v v i e e e e e e 184
12.1.3 Type Checking and Model Translation . . . . . ... ....... 185
12.1.4 Program Evaluation after Translation . . ... ... ....... 185
12.2 UsesofModels . . . . . . .. . . 186
12.2.1 Exporting the DAE to Flat Modelica . . . . ... ... ... ... 186
12.2.2 Simulatingthe DAE . . . . . . . . .. . ... . .. ... ..., 187
12.3 Verification . . . . . . . ... 189
12.4 Discussion and Evaluation . . . . .. ... ... ... ... . ... ... 191
12.4.1 Safety ASpects . . . . . . . . . . 191
12.4.2 Expressiveness and Extensibility Aspects . . . . ... ... ... 193
12.4.3 Performance ASpects . . . . . . . . . ... o 195
12.5 Chapter Summaryand Conclusions. . . . . . .. ... ... ....... 196
[l Related Work and Concluding Remarks 199
13 Related Work 201
13.1 Equation-Based Modeling Languages . . . . . . ... ... ... .... 201
13.1.1 Modelicaand Predecessors . . . . . . . . ... .. ... ... .. 201
13.1.2 ExtensionstoModelica. . . . . . ... ... ... ... ..., 202
13.1.3 VHDL-AMS . . . . . . 202
13.1.4 Verilog-AMS . . . . . 203
13.1.5 gPROMS . . . . . . e 203
13.1.6 HybridChi . ... ... ... ... ... . ... 203
13.1.7 Functional Hybrid ModelingandHydra . . . . . ... ... ... 204
13.1.8 Sol . ... . e 204
13.1.9 Acumen . . . . . . . 205
13.1.10ComparisontoMKL . . . . . . . . .. .. ... .. . 205
13.2 ModelicaSemantics . . . . . . . . . .. Lo 205
13.2.1 Natural Semantics . . . . . . . ... ... ... 205
13.2.2 Instance Creation . . . . . . . . . .. ... ... 206
13.2.3 ModelicaTypes . . . . . . . o v v i i e 206
13.2.4 BalancedModels . . . . . . ... ... oo 206
13.2.5 Structural CheckingofModels . . . . . .. ... ... ...... 207
13.3 MKLSemantics . . . . . . . . . .. 207
13.3.1 FormalSemantics. . . . . . . . . ... 207
13.3.2 Metaprogrammingin EOO Context . . . . ... ... ...... 208
13.3.3 Metaprogramming in General Purpose Languages. . . . . . . .. 209
14 Concluding Remarks 211
141 Conclusions . . . . . . .. 211
14.1.1 Understanding the Semantics of the Modelica Language . . . . . 212
14.1.2 Early Detection of ModelingErrors . . . . .. . ... ... ... 212



Xiv

Contents

14.1.3 Expressive and Extensible Formal Semantics . . . .. ... 213
14.2 FutureWork . . . . . . . . 214
14.2.1 Extensional Metaprogramming. . . . . . . . . . ... ... ... 214
14.2.2 Hybrid and Structural Dynamic Systems . . . . . . ... ... .. 214
14.2.3 Code Generationand Time Aspects . . . . . .. . ... ... .. 215
14.2.4 Structural ConstraintDelta . . . . . . ... ... .. ... .... 215
14.2.5 Polymorphism, Type Classes, and Algebraic Data Types . . . . . 216
14.2.6 EfficientCompilation. . . . .. ... .. ... ... ....... 216
14.2.7 More ComplexModeling. . . . .. .. ... ... ... ..... 216
14.2.8 Uses Beyond Simulation . . .. .. ... ... .......... 216
A Syntax of MKL 217
Al Concrete Syntax . . . . . . . . . . 217
A.1.1 Notational Conventions. . . . . . . . ... ... ... .. 217
Al2 Comments . . . .. . . . ... 217
A.1.3 Lexical Structure . . . . . . .. ... .. 217
A.l.4 ReservedWords . . .. .. .. .. ... 218
Al5 Top-Level . . . . . . . 218
AL6 TYypes . . . . . 218
AL7 EXPressions . . . . . ... 219
A.1.8 PatternMatching . . . ... ... ... .. ... ... ... .. 220
A.2 AbstractSyntax . . . . . . . .. .. 221
A2.1 TYPES . . e 222
A2.2 EXPressions . . . . . . . . . 223
A23 Values. . . . . ... 223
B Built-in Abstract Data Types 225
B.1 Array . . . . . . 225
B.2 Set. ... ... 226
B.3 Map . . . . . 226
B.4 DAESoIver . . . . . . . . 228
C Big-step Semantics of MKL Core 229
D MKL Library 231
D.1 Base . . . . . . e 232
D.2 Modeling . . . . . . . . 233
D.3 Electrical . . . .. .. . . . ... 233
D.4 AnalogElectrical . . . ... .. ... .. ... 233
D.5 Mechanical . . ... . ... . . ... 234
D.6 RotationalMechanical . . . . . ... ... ... ... ... .. ... 235
D.7 Elaboration . . . . . . ... .. 236
D.8 MechatronicElaboration . . ... ... .. ... ... ... ... .. .. 239
D.9 Simulation. . . . . . . . ... 239
D.10 ExportModelica . . . . . . . ... 241
D.11 Performance Test SourceCode . . . . . . . . . . .. ... ... ..... 243
D.11.1 MechSys . . . . . . . . . 243



XV

D.11.2 CircuitHierarchy
Bibliography

Index



XVi Contents




Introduction

HIS thesis concerns the problem of designing and defining the semantics of equation-
based modeling languages. Such languages, used for mathematical modeling of

the dynamics of complex physical systems (e.g., automobiles, aircraft, and powerplants),
have in the previous decade gained considerable attention from both industry and academia.
This language category is based on the concepts of object-orientation and acausal mod-
eling using equations. This enables good reuse of model components resulting in con-
siderably reduced modeling effort [48]. One such language is Modelica [104], which
is an attempt to unify concepts and notation from several earlier languages originating
from research projects and industrial initiatives, as well as developing a new language
design to address modeling problems. Other examples of languages in this category are
gPROMS [13, 115] for chemical engineering and VHDL-AMS [40, 72] a hardware de-
scription language (HDL) with analog and mixed-signal extensions.

However, these languages are large and very complex, where the concrete syntax is
formally defined using grammars, but the semantics informally described using natural
language. The lack of formal semantics makes these languages hard to interpret unam-
biguously and precisely reason about. A major challenge regarding designing such a
complex modeling language is to find a good trade-off betwaeguage safetfi.e., pro-
tect model abstractions by detecting and isolating errors and fapésiprmancége.g.,
fast model simulation)expressivenesg§.e., ease of expressing complex models and/or
tasks), andextensibility (i.e., mechanisms to add new language features). The topic of
this thesis is the problem of designing and defining language semantics with respect to
some of the trade-offs mentioned above.

The rest of the introduction chapter is organized as follows:

e We first give the background of mathematical modeling and simulation together
with an overview of how equation-based object-oriented (EOO) languages fit into
the picture of domain-specific languages (DSLs) (Section 1.1 and 1.2).

1



2 1 Introduction

e We discuss the problem area (Section 1.3) and state the research questions. (Sec-
tion 1.4).

e We present an outline of this thesis together with a summary of the main contribu-
tions of the work. We list publications that are part of this thesis and describe the
origin of the contributions (Section 1.5).

e Finally, we discuss our scientific viewpoint of the work and the research method
used (Section 1.6).

1.1 Modeling and Simulation

Modeling is today a very active area of research in computer science as well as in most
disciplines of engineering. The termodelis used in various settings meaning com-
pletely different things, which may unfortunately lead to confusion and misunderstanding
regarding the subject. During the recent decades, modeling of software has become very
popular; especially in industry. One of the main driving forces is the Model Driven Ar-
chitecture (MDA) [96] initiative and the popular graphical modeling framework of the
Unified Modeling Language (UML) [113, 114].

This thesis doesot concern modeling or languages used for modeling of software
or software systems. Instead, we are primarily interested in languages in pfysftal
systemscan be described using models. In particular, we are concerned with languages
that can support modeling within in a combination of different physical domains, e.g.,
electrical, mechanical, and hydraulic domains.

To be able to reason about the process of modeling and simulation, some definitions
of terms have to be clarified. The following definition was first coined by Marvin Minsky
in 1965 [35, p. 5]

“A model (M) for a system (S) and an experiment (E) is anything to which E
can be applied in order to answer a question about S”

According to this definition, a model can be seen as an abstraction of the system, where
some details of the real system is left out. The definition does not imply that the model
has to be of a certain kind (e.g., a mathematical formula or computer program), only
that experiments should be possible to apply to it to answer questions about the system.
However, in this thesis the term model meamsathematical modelescribing dynamic
and static properties of a continuous-time system, i.e., a system evolving continuously
as a function of time. Several modeling languages also address discrete-time modeling,
which however is not covered by this thesis and left as future work.

Many physical systems can be describeddoginary differential equations (ODES)
of the form

F(t,x,ﬁc,u) =0, (1.2)
or in explicit state-space form

T = f(t,a:,u), (1.2)
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Figure 1.1: A simple model of a rotational mechanical system representing a drive
shaft with a torque.

wherex € R"™ is the unknown state vector to be solved forc R™ the vector of input
signals, and the independent variable representing time.

An ODE has ggeneral solutiofbut when studying a model for a specific application
it is desirable to find ainique solutiorby also giving thenitial conditions The ODE
together with the initial conditions is anitial value problem

i = f(t,z,u) (1.3)
x(to) =T (14)

wherezy € R™ is the initial conditions. Note that the dimensions of the vectgrandx
are equal.

1.1.1 Example of a Mechanical System

Let us consider a simplified example of a drive shaft for a truck, i.e., the part of a power-
train used for transmitting the rotational torque between axles. A graphical model of the
shaft is outlined in Figure 1.1 and an example where such a shaft could be used in reality
is illustrated in Figure 1.2. The model represents two inertias connected in series, with a
spring in between. To the left, a torque is driving the shaft.

Because the inertial bodies are rigid, the angléad) is the same on each side of
the body, here defined @5 andy,. However, the torque (N m) is different between
each component. For exampigis affected both by the driving torque to the left and the
conserved energy in the spring.

We define the angular velocities (rad/s) andv, together with the equations, =
$1 andwy = P5. By using Newton’s law of motion in the rotational domain, we know
that the angular acceleratian(radis?) is proportional to the torque of the shaft, where
the proportionality constant is the inertia (N m/s?). Hence, we have the equations
Ji w1 =71 + mandJs - we = 73 + 74 respectively. Because the right hand side of the
shaft is not connected, we hawge= 0. The torque affected by the spring is proportional
to the angular difference; — 1, where the proportional constanfN m/rad) is called the
spring constant. This adds the equatior= c- (2 — ¢1) to the system of equations. We
also know that the spring torque is the same on each side of the spring, but with different
sign, i.e.,» = —73. Finally, we also have the input torquegiving u = 7.

We now have a system of equations with 8 equations and 8 unkngwng4, wi,
wa, T1, T2, T3, T4), Where four unknowns appears differentiatéd, (o2, w1, ws).
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Figure 1.2: The figure shows Tandem axles RST 2370 A B-Ride Bogie (Volvo
Trucks). The shaft between the axles is an example of a rotating shaft that is part
of a powertrain for transmission of the torque. Used with permission.

We can rewrite our example as follows:

$1
P2
w1
wa
T1
T2
T3

T4

Here the last four equations (1.9-1.12) are ca#légbbraic equations

w1

w2

T + T2
Ji

T3+ Ty
Jo

U

¢ (g2 — 1)
—c (p2 — 1)

0

(1.5)
(1.6)

(1.7)

(1.8)

(1.9)
(1.10)
(1.11)
(1.12)

Recall the definition of an ODE (1.1) where all variables except the independent vari-
able appears differentiated. In the mechanical example above, variables 73, 74
do not appear differentiated. These variables are callgebraicmeaning that they are
free from derivatives. Hence, our system of equations is not an ODE, but a system of



1.1 Modeling and Simulation 5

3.5

N
o
T

0, (rad/s)
N

=
&
T

0.5r

0 5 10 15 20
time (s)

Figure 1.3: Plot of the angular velocity, of the shaft example.

differential algebraic equations (DAEJhe general form of a DAE is
F(t,z,@,y,u) =0, (1.13)

wheret is the independent variable of timea vector of variables that appear differenti-
ated,y a vector of algebraic variables, and vector of input signals.

In this simple example, the algebraic equations can be directly eliminated by substitu-
tion into equations (1.7) and (1.8), thus forming an ODE. However, this is not possible in
the general case and there are sophisticated methods described in the literature for solv-
ing DAEs numerically and symbolically [83, 118]. Differential-algebraic equations is the
kind of equation system used in equation-based languages discussed in this thesis, such
as Modelica, for describing continuous-time behavior.

We have in this example shown how we describe a mathematical model of a mechan-
ical system. We can now use our model to answer questions about the system, using
experiments. This can be performed ussigiulation or as stated by Granino Korn and
John Wait according to Cellier [35, p. 6],

“A simulation is an experiment performed on a model”

Hence, we can simulate our example model to study the behavior of the physical system.
Assuming that we know the parameters of the systdm {2, andc) and that we
have a known input signal, we can simulate the system using a numerical integration
algorithm to solve the system of differential equations
Figure 1.3 shows an example where the angular velagitihas been be plotted for
the interval0 to 20 s. The plot shows how the shaft starts to oscillate due to flexibility
introduced by the spring.

1in the example, we assigh = 10 kg m?, Jo = 2 kg m? andc = 5 N m/rad. We also let the input signal
u be a constant value of 2 N m. These values do not represent a shaft for a powertrain in reality; it is used for
the purpose of showing a clear oscillation.
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1.1.2 Importance of Modeling and Simulation

Why is modeling and simulation of physical systems important? Before we discuss this
question, let us definte process of modelingy quoting Cellier and Kofman [37, p. 8]:

“The process ofnodelingconcerns itself with the extraction of knowledge
from the physical plant to be simulated, organizing that knowledge appropri-
ately, and representing it in some unambiguous fashion.”

Modeling and simulation is perhaps one of the most common techniques for answering
guestions by scientists and engineers. While scientists are focused on understanding and
observing the world, engineers primarily want to design new artifacts. In both cases
modelingis a central process for abstracting, extracting, and organizing the knowledge
for further analysis.

There are many reasons why modeling and simulation is beneficial. For example:

e |t is typically muchcheapero perform experiments on the model compared to
performing them directly on the real system. For example, when developing a
control system for a landing gear of an aircraft, several engineers can test their
control system simultaneously by simulating a model of the landing gear, instead
of using direct access of a physical prototype.

e It might betoo dangerou$o do the experiments in reality. When testing “what-
if” scenarios on a nuclear power-plant, it is safer to do these experiments on a
mathematical model compared to a real plant.

e The systemmay not existi.e., the model is a prototype that is evaluated and tested
during development. Most product development cycles still need physical proto-
types for evaluation, but by using a combination of virtual prototypes of mathemat-
ical models the development time can potentially be dramatically shortened.

e Some unknown variablese not accessibl@ the real system, but can be observed
in a simulation. For example, measuring the temperature inside certain areas of an
engine can be physically impossible without affecting the engine’s behavior.

e Itis easy to usend modify models, to change parameters and perform new experi-
ments (simulations). For example, it is much easier to experiment with and change
the size of wind turbines on a model than on physical prototypes.

However, as pointed out both by Cellier [35] and Fritzson [51], the ease of use is also
the main danger and drawback with modeling and simulation. There is a risk to ignore
the fact that the model is only valid under certain conditions, and that the model is in fact
an abstraction of the reality and not the reality itself. Consequently, care must be taken
regarding which simulations are suitable to apply on a model, so that the results reach the
desired level of accuracy.

1.2 Equation-Based Object-Oriented Languages

In the previous section we gave an introduction to continuous-time system modeling and
simulation. Designing languages for continuous-time systems is not new and one of the
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earliest initiatives was th€ontinuous System Simulation Language (CSSpgcified

in 1967 [11]. Derivations of CSSL are all based on state-space descriptions where the
underlying mathematical description is an ODE [35]. General-purpose simulation tools,

e.g., Simulink [92], using block diagrams and causal connections, have now dominated
the area for many years. Block diagrams make it possible to graphically model ODEs and
the software tool is then used for performing the numerical simulation.

In the 1960's, the first object-oriented language was designed with the initial purpose
of discrete event-based modeliagd simulation. This language, Simula [44], founded
the fundamental concepts of object-orientation and object-oriented languages. The fun-
damental principles adbject-oriented modeling languadgies continuous-time modeling
and simulation have been around for about 30 years. According to Cellier [36], this started
with the pioneering work explored in two separate PhD theses by Hilding EImqvist [47]
and Tom Runge.

Several languages have been developed during the years with the common properties
of physical modeling using equation systems. Today the state of the art within multi-
domain physical modeling (e.g., containing mechanical, electrical, hydraulic, thermal,
fluid, and control components) is Modelica [104]. Other examples of languages with
similar modeling and simulation capabilities are gPROMS [13, 115] for chemical engi-
neering and VHDL-AMS [40, 72] a hardware description language (HDL) with analog
and mixed-signal extensions.

However, not until recently has a common name for this category of languages ap-
peared. We call this language categeguation-based object-oriented (EOO) languéages
The exact meaning of this name can be a subject for discussion, but we propose the fol-
lowing definition:

Definition 1.2.1 (Equation-based object-oriented (EOO) language).

An equation-based object-oriented (EOO) language is a domain-specific language used
for modeling the interaction between objects, by utilizing mathematical equations to pro-
vide an acausal description of behavior.

This informal definition includes the following vague terms:

e Domain-specific language
e Objects
e Mathematical equations and acausality

In the rest of this section, we will discuss and clarify these terms.

1.2.1 Domain-Specific Language

A domain-specific language (DSL) can, according to van Deueseal.[148, p. 26], be
defined as follows:

“A domain-specific languad®SL) is a programming language or executable
specification language that offers, through appropriate notations and abstrac-
tions, expressive power focused on, and usually restricted to, a particular
problem domain.”

2The term was coined by the author of this thesis and first publicly used at a poster session at the conference
on programing language design and implementation (PLDI) in 2006 [22].
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The vague defining term of this definition is the tegroblem domain In [148], van
Deursenet. al. implicitly defined the term by giving examples of existing DSLs within
areas such as software engineering, systems software, multi-media, telecommunication,
and miscellaneous domains such as simulation, robot control and solving partial differen-
tial equations. Other authors, such as Czarnecki and Eisenecker [43, p. 34], define this as
follows:

“Domain: An area of knowledge

e Scoped to maximize the satisfaction of the requirements of its stake-
holders

e Includes a set of concepts and terminology understood by practioners
in the area

¢ Includes the knowledge of how to build software systems (or parts of
software systems) in that area”

From this point of view, we can for example regard both Modelica, gPROMS, and VHDL-
AMS as domain-specific languages, with their expressive power focused on modeling of
physical systems. However, according to van Deursenal.[148], DSLs are usually
small languages with a restricted set of notations and abstractions. In fact, DSLs are
sometimes referred to di#tle language4147], compared to largeyeneral-purpose lan-
guages (GPLs)Can we regard Modelica with an informal language specification of 250
pages [104] as a small language? Moreover, Modelica is commonly referred to as a multi-
domain modeling language. How can this be regarded as a domain-specific language?

As with all informal definitions, it depends on the interpretation of the terms - in
this case the word domain. We regard for example Modelica and VHDL-AM&rge
domain-specific languages with regards to the domain of modeling physical systems. This
holds especially when comparing to a GPL, in which arbitrary computational tasks can be
described. Moreover, we may also regard particular libraries defined in these languages
as specialized sub-domain-specific languages, e.g., the Modelica Bond Graph library [38]
or the Fluid library [105]. With this view, the Modelica design group that is designing the
language are thdomain expert®f physical modeling and the designers of a particular
library the sub-domairexperts for a particular physical domain.

1.2.2 Objects

The termobject-orientedn EOO is not used with exactly the same meaning as for the
commonobject-oriented programming (OORNguages. In for example Smalltalk [64]

an object is an instance of class that can send or receive messages. In C++ [75, 139], be-
havior is described by invoking methods associated with an object. Somewhat simplified,
we might say that an object in OOP can be described be the following equation

objecbop = data + methods

Similar to OOP languages, objects in EOO languages are used for describing the com-
bination of data and behavior. In contrast to OOP, the behavior of the objects in EOO
languages is described by mathematical equations instead of methods or message pass-
ing. Hence, one view of an object in EOO would be
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objecktoo = data + equations

Many EOO languages, such as Modelica and Omola [6] use language mechanisms from
OOP languages (for example inheritance and subtyping-polymorphism), but we do not
regard this as a necessary condition for being an EOO language. There are many concepts
related to OOP languages and as shown by Armstrong [7] there is no clear consensus of
what actually defines the core concepts of OO languages.

Recall Figure 1.1 showing a graphical Modelica model of a rotational mechanical
system. Objects are in Modelica referred tocasmponentsThis mechanical model has
four components (objects): a torque, two inertias, and a spring. We say that objects are
instances 0EOO model{or Modelica models Moreover, an EOO model can compose
and encapsulate one or more model instances. For example, the olnjectsi al and
i nerti a2 are instances of a common EOO model representing the general behavior of
an inertia. When the objects are created, they are given different inertia v&{sg] /-
respectively.

Objects are connected vjaorts (called connectorsn Modelica). In Figure 1.1, the
objecti nt erti al is connected td or que andspri ng. The objeci nterti a2 is
connected to thepr i ng on its left hand side and isnconnectean the right hand side.

In state-of-the-art EOO languages, objects are used only for hierarchically compose
EOO models, i.e., objects are not created dynamically during simulation. However, this
is an active area of research callducturally dynamic systeni62, 155].

We shall note one thing regarding terminology. As stated in the beginning of Sec-
tion 1.1, we use the ternmodelwith the general meaning of a mathematical model, i.e.,

a system of equations. When it is clear from the context, the teoale/may either refer
to an EOO model or the underlying equation system represented by the EOO model.

1.2.3 Mathematical Equations and Acausality

The foundation of EOO languages is that behavior is described declaratively using math-
ematical equations. Even though most EOO languages describe behavior using DAEs
(e.g., Modelica and VHDL-AMS), the behavior could also be describegdial dif-
ferential equations (PDE)r by equational constraints for model-based diagnosis [30].
The main point is that the equations are acausal (also called non-causal), meaning that
the causality of how to solve the equations is not decided at modeling time. Acausality
should be present at two levels of abstraction:

e at the equation-level
e at the object connection level

We say that a system of equations is acausal, if the order in which the unknowns are
solved is not decided at modeling time. Consider for example the equation of Ohm’s law

v=~R-1,
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Figure 1.4: Model (a) is a causal block diagram model of the mechanical system in
Figure 1.1. Model (b) shows how the model in Figure 1.1 has been reused and the
original spring replaced with a parallel spring-damper.

whereuw is the voltage R the resistance, andhe current. Depending on which variable
is unknown, it can be translated into three different assignment statements

v:=R-1,
i:=v/R,
R:=v/i,

Acausality at the object connection level is the second central part of acausality of EOO
languages. Recall the mechanical system in Section 1.1.1, where we used the graphical
model as illustration for the rotational system when performing the equational modeling
by hand. However, Figure 1.1 is actually the graphical representation of an executable
Modelica model. One of the main benefits with an acausal model such as this one is that
the topology corresponds to how objects in the physical world would be connected. This
is referred to aphysical modeling51]. A causal model of the same mechanical system is
given in Figure 1.4a. The causal model consistblotkswith defined input and output.
Compared to the acausal model, the physical topology is lost.

Now, assume that we reuse the model in Figure 1.1 and replaces the spring object with
a spring-damper object. The resulting model is shown in Figure 1.4b. Because the model
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is acausal, a simulation tool can automatically generate aneggiation system for the
updated model. However, if the block model is changed to include a spring-damper, the
large parts of the diagram needs to be rearranged, because the block diagram is dependent
on the causality of the underlying equation system.

The key to acausal physical models is in the basic physical principteredervation
of energy stating that the total amount of energy in a closed system is constant over time;
it can neither be created nor destroyed. To support this principle, acausal ports have both
a potential variablgalso calledacros3 and aflow variable(also calledthrough. This
principle of potential/flow variables is applicable in several different physical domains,
e.g., [104]:

Domain | Potential Variables | Flow Variables
Electrical Analog Electrical Potential | Electrical Current
Translational Mechanics 1) Distance Force

Rotational Mechanics 1D | Angle Torque

Heat Transfer Temperature Heat Flow Rate
Magnetic Magnetic Potential | Magnetic Flux

If two or more ports are connected, the potential variablessateequal, whereas the
flow variables are summed-to-zero. In the electrical domain the sum-to-zero principle
corresponds to Kirchhoff’s current law. For example, consider the connections between
thespri ng, thedanper, and thei nerti a2 object in Figure 1.4b. The following
equality equations are generated for the potential variables:

Ps2 = P2
Pd2 = P2

Note that no redundant equation is generated betwegeandy,,. Finally, the sum-to-
zero equation is generated:

Ts2 +Tgo + 173 =0

The phase of generating equations from the description of connections between ports is
referred to asconnection semanticsThis phase is in turn part of thelaboration pro-
cess$, where an EOO model is translated into a set of equations. The other two essential
phases in this elaboration process @y checkingdeciding which models that are con-
sidered correct according to a defined type system)cafidpsing the instance hierarchy
(translating components into a system of equations).

The generated equations from the elaboration process forms the resulting DAE of the
EOO model. The process of a general translation from a DAE to an ODE (or to a so called
index-1 DAE) is the result of extensive research and involves symbolic manipulation of

3In this thesis, we call the procestaboration In the Modelica specification 3.2, this process is caflatten-
ing because it creates a flat system of equations. Sometimes, this translation is also referiestamizstion
However, we think that both these terms are misleading. The former, because the final equation system does
not need to be flat - it can still be represented in a hierarchical structure. The latter, because it is typically per-
formed at compile time and is not allocating memory analogous to instance creating in standard programming
languages.
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the equation system. Key aspects of this process are the uaatefiBles algorithm [118],
block lower triangular form (BLT) [70, 71], dummy-derivatives [94], and tearing [49].
The details of this translation falls outside the scope of this thesis, but are central to the
performance and accuracy of implementations of Modelica software tools.

1.3 Problem Area

This thesis concerns the problem of designing and defining the semantics of equation-
based modeling languages. Bgmanticsve mean the meaning of a model. This includes
both the static semantics (translating an EOO model into an equation system and rejecting
illegal models) and dynamic semantics (to use the equation system, i.e., for numerical
simulation). A major challenge regarding the design of such complex languages is to find
a good trade-off between different quality and design aspects of the language. In this
section we give an overview of the problem area with regards to the following aspects:

e Safety aspectsto protect model abstractions by detecting and isolating errors and
faults.

e Expressiveness and extensibility aspectsakeing it easy to express complex mod-
eling tasks and to provide mechanisms for extending the language with new fea-
tures.

1.3.1 Safety Aspects

It is not always possible to simulate an EOO model because the model might have been
incorrectly specified. Furthermore, even if a simulation result is generated, this does
not imply that the result is correct, i.e., that the simulation result corresponds to the real
system. We will in the first section outline the overall problems and challenges regarding
safety aspects of EOO languages and their environments,

By following the terminology defined in the IEEE Standard 100 [107], we define an
errorto be something that is made by human beings. As the consequence of an error, a
fault exists in an artifact, such as an EOO model, source code, or a language specification.
Another word for fault would be bug or defect. If a fault is executed, this results in a
failure, i.e., it is possible to detect that something went wrong.

People make mistakes, i.e., make errors when modeling systems. This can result in
either incorrect simulation results, or no results at all. To produce products (e.g., aircraft,
cars, and factory machines) based on incorrect simulation results, can be very expensive
or even result in devastating consequences. Hence, it is of great importance to efficiently
handle errors in a safe manner.

There are many different sources of errors in a modeling and simulation environment.
Consider Figure 1.5, which outlines relations between sources of errors and faults. The
center box illustrates the simulation tool, which takes an EOO model as input (left side)
and produces aimulation resultf the simulation was successful, osanulation failure
reportif an error occurs during simulation. In the model, there are three actors that can
produce errors that affect the tool’'s output.
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Figure 1.5: Relations between possible errors and faults in a modeling and simula-
tion environment.

System Modeling Errors. A system modeling errozan result in an EOO model con-
taining anEOO model faultwhich obviously affects the simulation result. Some
modeling errors can result in failures already in the elaboration phase (e.g., illegal
access of elements in objects or wrong number of equations), while others result in
simulation failures during simulation (e.g., numerical singularities). Moreover, an
engineer can make mistakes while modeling a system, which still gives simulation
results, but perhaps incorrect values. In this thesis, we are mainly concerned with
modeling errors that can result in a failure during the elaboration phase, i.e., before
simulation.

Language Design and Specification Errors.Aimost all commonly used languages
evolve over time, resulting in high demands on the language design effort and the
work to produce precise, consistent, and error free language specifications. The
Modelica language is no exception, which has resulted in a large and complex lan-
guage with an informal specification using plain text. This fact can leé&iguage
design errordecause it is hard to grasp the complete semantics of the language.
For example, it could be a fault in the specification of the type system if models
containing faults can be executed, although they should have been rejected by the
type checker. Moreover, if the language design effort intends to give guarantees
that a certain kind of modeling error should be detected, it is obviously necessary
that the specification is precise and easy to reason about. Hence, one of the main
challenges is to be able to define this kind of languages in a precise way, using
formal semantics.

Tool Implementation Errors. In addition, language specification faults and unclear se-
mantics may lead t@gool implementation errorslif only one tool exists for the
language, the importance of implementation errors compared to the specification
might be ignorable. However, if there exist several tools, tool implementation er-
rors may lead to incompatible models or even non-deterministic simulation results.
For example, Modelica has a complex semantics for name lookup that has in our ex-
perience lead to considerable effort to make the OpenModelica [53, 117] compiler
compatible with other commercial tools of Modelica, primarily Dymola [45].

To mitigate the fact that people make errors, we see three major challenges regarding error
handling:



14 1 Introduction

1. Detectingthe existence of an error early.If a simulation fails, it is trivial to detect
that an error must exist. However, if a simulation takes 48 hours to complete, it is
not desirable to wait 46 hours before the error is detected.

2. Isolating the fault implied by the error. If we have detected that an error must
exist, how do we know where the actual fault is located? Is it located in the main
model, in some model library, or even in the simulation tool itself? For example,
if an engine is modeled and then translated into a system of equations containing
20000 equations and 20001 unknowns, it is trivial to detect that this is a fault.
However, it is a non-trivial task to isolate the fault so that the error can be resolved.

3. Guaranteeing that faults do not exist. If we can detect an error by using e.g.,
testingand then isolate the fault using some kindd#buggingtechnique, how
do we know that there do not exist any other errors? Consequently, would it be
possible to give guarantees that some kind of fault cannot exist in a model, e.g.,
that a specific type of errors will always be detected?

1.3.2 Expressiveness and Extensibility Aspects

State of the art EOO languages, such as Modelica, are expressive regarding the ability
to define new models within existing libraries. However, new libraries of the Modelica
standard library (MSL) are often released together with a new version of the Modelica
language that supports new language constructs required for the new library. Examples
include the handling of over-determined connectors used in the multi-body library and
stream connectors for the Fluid library. This leads to a continuously growing the size
and complexity of the language. The challenge is to make the EOO languages-

sive enough so that the language does not need to be extended when a new libraries are
released.

Software tools and compilers carsethe EOO models for different purposes. One
such purpose, which today is the most common use, is to analyze the equation system,
transform it, generate executable code, and simulate the system. However, there are sev-
eral other potential uses of mathematical models, such as optimization problems [79],
model reduction, generation of real-time simulation code, and exporting data to standard-
ized model formats [34]. The problem is that an EOO language has to be extended with
additional language constructs to support the new use, leading to either a number of new
languages with specific extensions, or to an EOO language that is even larger and more
complex. Hence, the challenge is to make the EOO langeatgzsibleso that the lan-
guage does not have to be updated if a model is used in a new manner.

1.4 Research Questions

From the description of the problem area in Section 1.3, a number of research questions
are formulated below. We categorize the questions within three areas:

e Understanding the Semantics of the Modelica Language
e Early Detection of Modeling Errors
e Expressive and Extensible Formal Semantics
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1.4.1 Understanding the Semantics of the Modelica Language

Both the dynamic and static semantics of the Modelica language are informally described
using natural language and source code examples. Because the language has grown to be
very large and complex, it is hard in the short term to define a formal semantics for the
complete language; leading to the following question:

Research Question IHow can an informal language specification be restructured to be
less ambiguous and still understandable?

A common way of statically detecting and isolating errors in a language is to use type
checking. However, in Modelica, the concept of types is only implicitly described using
informal natural language. Hence, our second question in the study concerns Modelica
types.

Research Question 2Nhat is the actual meaning of types in Modelica and how does
this compare to the class concept in the language?

1.4.2 Early Detection of Modeling Errors

If a model is incorrectly described and contains more equations than unknowns (over-

determined) or fewer equations than unknown (under-determined), it is easy to detect the
error after elaboration by just counting the number of equations and variables. However,

it is much harder to isolate the error to a specific model instance. Earlier approaches have
tried to analyze the flat system of equations after elaboration, and then tracing back the
faults to the original models [29], leading to the following question:

Research Question 3ls it possible to define an approach to detect under- and over-
constrained errors in the modeéforeelaboration, enabling the user igplatethe fault
to a certain model instance?

1.4.3 Expressive and Extensible Formal Semantics

State of the art EOO languages are large and complex with the semantics informally
described. Programming language researchers have for decades formalized languages
based on small and expressive calculi, where the lambda calculus [12] is the prominent
one.

Research Question 4ls it possible to formally define an EOO language as an exten-
sion of a typed lambda calculus that gives the expressive power of state of the art EOO
languages?

As described in the problem area description in Section 1.3, a major problem for language
extensibility is that new modeling demands often require changes in the language specifi-
cation of the EOO language. This requires both new language revisions and that different
vendors need to update their modeling and simulation products. This process is both time
consuming and error prone and limits the possibility for the domain experts to express
their modeling needs.
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Research Question 5Can we design a modeling kernel language where domain experts
can extend both modeling constructs for an EOO language, as well as the semantics for
using the models?

1.4.4 Scope

The research questions stated in the previous sections are broad and therefore the follow-
ing scope is given for the thesis:

e For domain experts of EOO languages who are developing libraries, the concrete
syntax is of essential importance. However, in this thesis we do not make any
attempt of analyzing how or which syntax is most convenient for domain experts.

e EOO languages typically have both a textual and a graphical representation. Even
though we acknowledge the need and benefits of graphical syntax, we are only
analyzing the textual representation in this thesis.

e Performance aspects of the proposed solution are only analyzed at a high level of
abstraction because our prototype is implemented as an interpreter and not as a
compiler.

e We investigate the formal semantics of expressing models, for elaborating struc-
tured models down to equation systems, and for analyzing the equation system.
The semantics for the model compiler backend concerning symbolic manipulation
and solving the DAEs are outside the scope of the thesis.

e We are primarily concerned with the continuous-time aspects of EOO languages
and we will not discuss hybrid models (the mixture of continuous-time and discrete-
time models) in this thesis.

¢ We will not attempt to formally define an existing EOO language, e.g., Modelica.

1.5 Thesis Outline and Contributions

The thesis is divided into two main parts. Part | relates to the Modelica language and in
Part Il we propose a new research language calletkeling Kernel Language (MKL)

In the following, we give an overview of the contents of the thesis as well as a state-
ment of the main contributions. For each of the contributions, a note is given for where
the contribution is discussed and detailed, as well as a pointer to which research question
the contribution relates to.

1.5.1 Partl-The Modelica Language

Part | is dedicated to studying the Modelica language - both with regards to interpreting
and understanding the current semantics of the language, as well as proposing extensions
and improvements to the language. In Part | we make the following main contributions:
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e We discuss different strategies for specifying the Modelica language as well as
suggesting approaches that make it easier to extend and grow the language in the
future. This work does not present any specific technical contribution, but instead
presents a categorization and discussion about the Modelica specification (Chapters
3 and 4, Research Question 1).

e We give to the best of our knowledge, the first description and interpretation of the
type concept in Modelica to the level of precision that makes it clear that Modelica
has two categories of types: class types and object types. The corresponding paper
was published in 2006 [27] and has influenced the improved description of the
Modelica specification (Chapter 5, Research Question 2).

e We propose an approach for determining if a model is under- or over-constrained
without elaborating its subcomponents. The main insight is the idea of annotat-
ing the constraint value on types. We call the apprastainctural constraint delta
denoted”'a, and define an algorithm for a subset of the Modelica language. How-
ever, this approach is not limited to Modelica and should be useful in other EOO
languages as well. The work was published in 2006 [28] and somewhat influenced
the design of balanced models, part of the Modelica 3.0 standard from 2007 (Chap-
ter 6, Research Question 3).

1.5.2 Part Il - The Modeling Kernel Language

Part Il concerns the problem of creating a formally defined language that is both expres-
sive and extensible (Research Question 5 and 4).

The proposed research language MKL is not intended as a new end-user EOO lan-
guage. Itis a kernel language in which domain experts and language designers can define
EOO language constructs within MKL libraries. Also, the main objective is not to trans-
late available EOO languages to MKL. Instead, we see MKL as a research language for
exploring new language constructs and principles, which can then later perhaps find their
way into available EOO languages.

In Part Il we make the following specific contributions:

e We explore the concept that we chlbher-order acausal models (HOAMshich
is the combination of higher-order functions and acausal models. We show that
HOAMs enable great expressive power with few required language concepts (Chap-
ter 8, Research Question 4).

e We show how the MKL language is capable of performing intensional analysis on
models, i.e., inspect and traverse the equation system (Chapter 9, Research Ques-
tion 5).

e We define a formal operational semantics and related static type system for the
core of MKL. The language is an extension of a typed lambda calculus and forms
the foundation of the MKL language. We prove type safety of the core language.
(Chapter 10, Research Question 5).

e We formally define the elaboration semantics of an EOO language, i.e., the trans-
lation process from an EOO model to an equation system. We describe both an
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approach for the connection semantics as well as a solutichdégoroblem of ex-
traction simulation results. (Chapter 11, Research Question 4).

e We explain our prototype implementation of MKL, define the semantics of simu-
lating a model using an external DAE solver, as well as exporting the DAH&b a
Modelica modeli.e., a model with only equations and no components. Finally, we
verify, discuss, and evaluate our solution. (Chapter 12, Research Question 5).

1.5.3 Part Il - Related Work and Concluding Remarks

In the final part, we do not make any new contributions. Instead our work is compared
to related work (Chapter 13). Finally, we state the conclusions of the thesis and outline
future work (Chapter 14).

1.5.4 Published Papers

The research results given in this thesis are partially based on the following published
papers and reports:

Journal Paper

e David Broman and Peter Fritzson. Higher-Order Acausal Models. Simulation
News Europe 19(1):5-16, ARGESIM, 2009

Peer Reviewed Conference and Workshop Papers

e David Broman and Peter Fritzson. Higher-Order Acausal Model®rbazeedings
of the 2nd International Workshop on Equation-Based Object-Oriented Languages
and Tools pages 59-69, Paphos, Cyprus, LIU Electronic Press, 2008 (superseded
by the journal version)

e David Broman and Peter Fritzson. Abstract Syntax Can Make the Definition of
Modelica Less Abstract. IProceedings of the 1st International Workshop on
Equation-Based Object-Oriented Languages and To@ages 111-126. Berlin,
Germany. Linkdping University Electronic Press. 2007

e David Broman, Kaj Nystrém, and Peter Fritzson. Determining Over- and Under-
Constrained Systems of Equations using Structural Constraint DeltBroreed-
ings of the Fifth International Conference on Generative Programming and Com-
ponent Engineering (GPCE’06)pages 151-160. Portland, Oregon, USA. ACM
Press. 2006

e David Broman, Peter Fritzson, and Sébastien Furic. Types in the Modelica Lan-
guage. InProceedings of the Fifth International Modelica Conferengeages
303-315. Vienna, Austria. 2006
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Invited Paper

David Broman. Growing an Equation-Based Object-Oriented Modeling Language.
In Proceedings of MATHMOD 09Vienna, pages 1316-1324, Vienna, Austria,
2009

Technical Reports and Thesis

David Broman. Safety, Security, and Semantic Aspects of Equation-Based Object-
Oriented Languages and Environmentscentiate thesis Thesis No 1337. De-
partment of Computer and Information Science, Linkdping University, December,
2007

David Broman. Flow Lambda Calculus for Declarative Physical Connection Se-
mantics. Technical Reports in Computer and Information Science Nbainkoping
University Electronic Press. 2007

Papers and Reports not Included in the Thesis

The following papers and reports are of related interest, but not directly included in this
thesis. The papers were authored or co-authored during the period of this thesis work.

Peter Aronsson and David Broman. Extendable Physical Unit Checking with Un-
derstandable Error Reporting. Froceedings of the 7th International Modelica
ConferenceComo, Italy, 2009

David Broman. Should Software Engineering Projects be the Backbone or the Tall
of Computing Curricula?. Iroceedings of the 23th IEEE Conference on Software
Engineering Education and Trainirigages 153-156, Pittsburgh, USA, 2010

Peter Fritzson, Adrian Pop, David Broman, and Peter Aronsson. Formal Semantics
Based Translator Generation and Tool Development in Practid@rdoeedings of

the 20th Australian Software Engineering Conference ASWEC 208%es 256-

266, Gold Coast, Queensland, Australia, IEEE Computer Society, 2009

David Broman, Peter Aronsson, and Peter Fritzson. Design Considerations for
Dimensional Inference and Unit Consistency Checking in ModelicaPrbrceed-

ings of the 6th International Modelica Conferenpages 3-12, Bielefeld, Germany,
2008

Peter Fritzson, David Broman, and Frangois Cellier. Equation-Based Object-Ori-
ented Languages and Tools. Report on the 2nd Workshop EOOLT at ECOOP 2008.
Object-Oriented Technology. ECOOP 2008 Workshop Readidume 5475 of
LNCS, pages 18-29, Springer-Verlag, 2009 (Invited)

Peter Fritzson, David Broman, Francois Cellier, and Christoph Nytsch-Geusen.
Equation-Based Object-Oriented Languages and Tools. Report on the Workshop
EOOLT 2007 at ECOOP 200'Dbject-Oriented Technology. ECOOP 2007 Work-
shop Readelolume 4906 of LNCS, pages 27-39, Springer-Verlag, 2008 (Invited)
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e Peter Fritzson, Francois Cellier, and David Broman (Eds.). Proceedings of the 2nd
International Workshop on Equation-Based Object-Oriented Languages and Tools.
Cyprus, July 2008. ISSN 1650-3686, LIU Electronic Press

e Kristoffer Norling, David Broman, Peter Fritzson, Alexander Siemers, and Dag
Fritzson. Secure Distributed Co-Simulation over Wide Area Network&réiceed-
ings of the 48th Conference on Simulation and Modelling (SIMS’0@pteborg,
Sweden, Link&ping University Electronic Press, 2007

e Peter Fritzson, Peter Aronsson, Adrian Pop, Hakan Lundvall, Kaj Nystrom, Levon
Saldamli, David Broman, Anders Sandholm. OpenModelica - A Free Open-Source
Environment for System Modeling, Simulation, and TeachingPtaceedings of
the 2006 IEEE Conference on Computer Aided Control Systems Dadigmich,
Germany, 2006 (Invited)

e David Broman and Peter Fritzson. Ideas for Security Assurance in Security Criti-
cal Software using Modelica. IRroceedings of the Conference on Modeling and
Simulation for Public Safetypages 45-54, Linkdping, Sweden, 2005

e Peter Fritzson, Peter Aronsson, Hakan Lundvall, Kaj Nystrém, Adrian Pop, Levon
Saldamli, and David Broman. The OpenModelica Modeling, Simulation, and De-
velopment Environment. IRroceedings of the 46th Conference on Simulation and
Modeling pages 83-90, Trondheim, Norway, 2005

1.5.5 Origin of Contributions

The most significant part of the research work and contributions in this thesis originates
entirely from the author of the thesis. However, because several of the published papers
included in this thesis have co-authors, we detail the exact origin of the contributions
below.

Part | - The Modelica Language

The work on how to specify the Modelica language [24] and strategies for growing
equation-based languages [19] are done solely by the author with Peter Fritzson as sup-
porting supervisor.

The work onModelica typeq27] was carried out by the author, where both Peter
Fritzson and Sébastien Furic co-authored the publication. They contributed as discussion
partners and through proofreading the manuscript.

The idea and formalization of the work on tls&uctural constraint deltf28] was
carried out solely by the author. Co-authors Kaj Nystrom and Peter Fritzson contributed
as discussion partners, as proofreaders, and with shorter sections in the original paper.

Part Il - The Modeling Kernel Language

The published work in this part concerhgher-order acausal models (HOANZ5, 26].
The co-author Peter Fritzson has been supervisor of the work, contributing with feedback
and proofreading.



1.6 Research Method 21

The semantics of the MKL language has been developed solelyebguthor of the
thesis, where Jeremy Siek has been supporting co-supervisor.

The implementation, validation, and written manuscript are performed entirely by the
author of the thesis.

1.5.6 Reading Guidelines

We will now give some brief guidelines for reading the thesis. The aim of this thesis is
to have a broad audience, where readers might come from either different engineering
fields or from the field of computer science. The two main parts of the thesis (Part | about
Modelica and Part Il about MKL) are self contained and can be read independently of
each other. For each of the parts, there is an introduction chapter which is recommended
reading before proceeding with the other chapters.

Readers from different engineering fields with an interest in modeling and a back-
ground of e.g., Modelica might be especially interested in Chapter 5 about types in Mod-
elica, as well as the ideas of higher-order acausal models, presented in Chapter 8.

Readers with a background of designing modeling languages in general and Modelica
in particular might be interested in Chapter 4 about growing an EOO language. Part Il
presents language concepts that are not directly related to Modelica, but can be of interest
for further extensions of such a language. Chapters that can be of particular interest
are: introduction to functional programming in MKL (Chapters 7), modeling with higher-
order acausal models (Chapter 8), using and inspecting the content of models (Chapter 9),
and description of elaboration semantics (Chapter 11).

Readers with a computer science background would perhaps be mostinterested in Part
II. If the reader has a more theoretical programming language background, Chapter 10
with formal operational semantics and type safety proofs could be of interest.

1.6 Research Method

There are several different paradigms on how to perform research within engineering and
computer science. The ACM Task Force on timee of computer sciencgiggests three
different paradigms for performing research within the discipline of computing [42]:

1. Theory. In this paradigm, the discipline is rooted in mathematics, where the ob-
jects of study are defined, hypotheses (the theorems) are stated, and proofs of the
theorems are given. Finally, the result is interpreted.

2. Abstraction (modeling)The second paradigm is rooted in experimental scientific
methods. First, a hypothesis is formulated, followed by the construction of a model
and/or an experiment from which data is collected. Finally the result is analyzed.

3. Design.The third paradigm is rooted in engineering and consists of stating require-
ments, defining the specification, designing and implementing the system, and fi-
nally testing the system. The purpose of constructing the system is to solve a given
problem.
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Theory is the fundamental paradigm in mathematical sciehealistraction paradigm in
natural science, and design in the discipline of engineering. We agree with the statement
that is pointed out by Denningt. al.[42], that all three paradigms are equally important
and that computer science and engineering consist of a mixture of all three paradigms. In
this work, we have used different paradigms for the different parts of the work.

In the work ontypes in the Modelica languad@€hapter 5), the type concept of Mod-
elica is studied and interpreted and a concrete syntax of types for Modelica is described.
The closest paradigm used in this work is design, where the designed artifact is the gram-
mar for types and the interpreted prefix definitions. The correctness of the grammar is
verified using the parser generator tool ANTLR [119]. In this case, the Modelica specifi-
cation itself can be seen as the requirements specification and the produced artifact is an
interpretation of this specification.

In the work onstructural constraint deltgChapter 6) we define a new approach and
an algorithm for determining over- and under-constrained systems of equations. This
research can be assigned to both the theory and the design paradigms. From the theory
point of view, if a theorem was formulated for the correctness of the algorithm, a proof
would justify the correctness of the algorithm. On the other hand, from a design point
of view, the requirement of detecting and isolating the error before elaboration can be
seen as a specification, and an implementation of the algorithm as the system. Because
Modelica’s semantics is not formally defined, it is not possible to conduct any proof of
the correctness of the algorithm in relation to the elaboration semantics. Hence, we use a
test procedure where the correctness of the algorithm is tested using different test models,
where the model is executed in the commercial Modelica tool Dymola version 6 [45],
and compared to an implementation of the algorithm given in Chapter 6. We should note
that this test only checks the correctness of the algorithm, and does not verify that the
approach of the structural constraint delta actually helps the user to detect the error and
isolate the fault.

Finally, our work of being able to design EOO language constructs imibeeling
kernel language (MKL)Part Il) has been verified using basic engineering principles
of testing as well as conducting proofs of the language’s properties. For the testing and
verification, a set of models have been implemented in both Modelica and using a standard
library in MKL. The MKL models have then been translated into flat Modelica code. The
results of simulating both the translated and the native Modelica model have then been
compared. Also, the models have been simulated using MKL, where the simulation result
has been compared with Modelica simulations. For the theory part, we have proved type
safety for a core language of MKL. This gives us higher confidence of the correctness
of our approach, but can of course not guarantee the correctness of the correspondence
between the formal semantics and the implementation.
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Introduction to Modelica

M ODELICA is a standardized language aimed primarily for modeling and simulation
of complex physical systems. The first language specification 1.0 [101] was re-
leased in September 1997. Since then, the current specification 3.2 [104] has evolved to

be a specification of a language that has a large number of complex constructs.

During these past 13 years, the Modelica user community has grown to become
fairly large. Modelica has been used successfully in industry andvibéelica stan-
dard library (MSL)has evolved to include domains such as electrical, mechanical, hy-
draulic, fluid, thermal and control. The dominating Modelica tool has for a long time
been the commercial tool Dymola [45]. However, during recent years, alternative tools
have emerged; both open source (e.g., OpenModelica [53, 117], Scicos [73, 106], and
JModelica.org [5, 78]) and commercial environments (e.g., MathModelica System De-
signer [91], MOSILAB [112], SimulationX [76], LMS Imagine.Lab AMESim [89], and
MapleSim [90]).

Modelica Association [100] is responsible for both the language specification as well
as the Modelica standard library. The author of this study has been a member of the
Modelica language design group since 2005. The work presented in this part has been
developed 2005 to 2010 contains both discussions and analysis of the current language
specification (Chapters 3-5) as well as proposed extensions (Chapter 6). This part of the
thesis consists of the following chapters:

e Chapter 2 - Introduction to Modelica. In this introductory chapter we first give a
brief informal overview of the Modelica language from a modeling point of view.
This is followed by a description of Modelica’s compilation and simulation process.

e Chapter 3 - Specifying the Modelica LanguageThis chapter concerns the prob-
lem of having a large and informal language specification. We discuss different
aspects of formulating the Modelica language.

25
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e Chapter 4 - Growing the Modelica Language. We discuss how the Modelica
language can be planned for growth, i.e., how the language can be extended over
time.

e Chapter 5 - Types in the Modelica Language. We investigate and analyze the
concept of types in the Modelica language as well as proposing a concrete syntax
for describing Modelica types.

e Chapter 6 - Over- and Under-Constrained Systems of Equationdn this chapter
we propose a technique for detecting and isolating over- and under-constrained
systems of equations in EOO languages. We test the described approach, called
structural constraint deltan a subset of the Modelica language. However, the
approach s not limited to Modelica and is applicable for EOO languages in general.

2.1 Equation-Based Modeling in Modelica

In this section we illustrate some important and fundamental concepts in modeling with
Modelica. A comprehensive description of the language is given by Fritzson [51].

The basic structuring element in Modelica is tlass There are several restricted
class categories with specific keywords, suchmadel , r ecor d (a class without equa-
tions), andconnect or (a record that can be used in connections). A class contains
elementswhich can be other class definitions, extends elements (for inheritance of other
classes), ocomponentginstances of classes).

The main difference compared to traditional OO languages is that instead of methods,
Modelica primarily usegquationgo specify behavior.

As a brief introduction to Modelica, we present a model of a simple electrical cir-
cuit (Figure 2.1). On the left hand side the textual representation of the circuit is given

nodel Circuit 1 4
Resi stor R1(R=10); p p
Capacitor C(C=0.01);
Resi stor R2(R=100); R1=10 R2=100
I nductor L(L=0.1); b
Vsour ceAC AC; n n
G ound G AC=220 2 5
equation
connect (AC. p, RL.p); n P P
connect (R1.n, C. p); 20,01 oy
connect (C.n, AC n); ’ o
connect (RL. p, R2.p);
connect (R2.n, L.p); 5 " o "
connect(L.n, C.n); 7
connect (AC.n, G p); j: G

end Circuit; =

Figure 2.1: Modelica model of an electrical circuit.
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and on the right hand side the graphical representation. ajpi@a Modelica modeling
environment lets the user model the system in either the graphical or the textual view.

Now, let us consider the textual representation. The first six lines of code represent
the component®f the model. These have a direct correspondence to the components in
the graphical view. In the first component declaration

Resi stor R1(R=10);

the indentifielResi st or is a class referenc®1 is a component name, af-10 is a
modification that sets the resistariRequal to10.

The last seven lines that are part of thgeuat i on section are calledonnect -
equations. These equations are used for connectomgectorgalso called ports) to-
gether. For example, the equatiamsnnect (AC. p, R1.p) andconnect (R1. p,

R2. p) state that connectoAC. p, R1. p, andR2. p are connected together. Such a set

of connected connectors is calle@@nnection setNote that because models are hierar-
chically defined, names to particular components are specified using a dot-notation, e.g.,
R1. p is the positive connector of componéRit.

Now consider the following example of a connector used for acausal connections in
the electrical domain:

connector Pin
Real v;
flow Real i;
end Pin;

wherev is the potential variable representing voltage aride flow variable for electrical
current. The connection s¢AC. p,R1. p,R2. p} is then during the elaboration phase
translated into two equality equations for the potential variables:

AC p.v
Rl. p.v

R1l. p.v;
R2. p. v,

and one sum-to-zero equation for Kirchoff’s current law:
AC.p.i + RL.p.i +R.p.i =0;

Variables in connectors can also have the prefixgsut or out put stating that these
variables are used fmausal connections

Now, let us consider how the models of the components in Figure 2.1 are defined. A
first observation can be made that all these components have two ports (except for the
ground component that has one port). Thus it is useful to define a “Bagd®i n model
as follows:
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nodel TwoPin "Supercl ass of nodel conponents with two pins”
Pin p, n;
Vol t age v;
Current i;

equation
% p.v -
0 p.i +
i p.i;

end TwoPi n;

n.v;
n.i;

1

This component has two connectprandn defined as an instance of the connector class
Pi n. The variablev defines the voltage drop over the component using the equation
V = p.Vv - n.v.Thevariablé isthe currentinto the pip.
To define a model for an electrical capacitor we can now extend our bas@wafaBsn
and add a declaration of a variable for the capacitance and one equation expressing the
capacitor’s behavior:

nodel Capacitor "ldeal electrical capacitor”
ext ends TwoPi n;
Real C "Capacitance";

equati on
Crder(v) =i;

end Capacitor;

The keywordext ends denotes inheritance from one or more base classes. Elements
and equations are inherited from the parent. The equ&iaer (v) = i contains the
expressiorder (v) meaning the derivative of.

When extending or declaring an element, we can alsoraddification equations
The simplest form of modification is binding a value to a variable:

Resi st or R1(R=100);

It is also possible to alter the internal structure of a component when declaring or ex-
tending it, using redeclarations. Thedecl ar e construct changes the class of the
component being replaced. There are two restrictions on this operation:

1. The component we are replacing must be declareepsaceabl e.

2. The replacing class’s type must be a subtype of the type of the component being
replaced.

Consider now the following example

nodel A
repl aceabl e Resi stor R1(R=100);
end nodel A

nodel B
extends A(redecl are TenpResistor Rl);
end B;

where we define a mod@ by extending from modeh and at the same time change
resistorR1 to be aTenpResi st or.
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This short introduction to Modelica only describes a very $ipailt of the Modelica
language. However, there should be enough details to understand the rest of Part | of the
thesis. The language contains many more constructs that are outside the scope of this
thesis. Some of these constructs are:

e Arrays, vectors, and matrices.

e Side-effect free functions and algorithm sections.

e When- and if-equations for expressing hybrid models.

e Conditional components for selecting components during elaboration.
e Packages for structuring source code into modules.

e Overloading of operators.

e Stream connectors.

e Mapping of models to execution environments (used in for example hardware-in-
the-loop simulations.).

See Fritzson [51] and the Modelica specification 3.2 [104] for descriptions of these and
other advanced constructs in Modelica.

2.2 The Modelica Compilation and Simulation
Process

Figure 2.2 outlines a typical compilation and simulation process for a Modelica software
tool. The input (left hand side of the figure) to the process is a Modelica model, which
can compose and reference a large set of additonal Modelica models. The first phase that
is carried out is standard lexical analysis and parsing. Output from this stegbstact
syntax tree (AST) This phase can, depending on the implementation, be performed in
several stages, where each stage simplifies and normalizes the form of the AST.

The second phase of the process isdlaborationwhere the AST is transformed into
a hybrid DAE. A hybrid DAE consists of variable declarations, the differential-algebraic
equation system (for continuous-time behavior), algorithm sectionsyhed-clauses
for triggering discrete-time behavior. During this phase the model is also checked for
errors, such as conformance of types.

Compile time Run time
Modelica AST . . .
model — ——»| Hybrid DAE | ——» | Executable | ———» glmullfmon
Lexical Elaboration Equation Simulation esu
Analysis and Transformation &
Parsing Code generation
Compiler front-end Compiler back-end

Figure 2.2: Outline of a typical compilation and simulation process for a Modelica
language tool.
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The two first phases, lexical analysis and parsing followed lalgaration, is often
referred to as the compiléront-end Semantics discussed in this thesis is focused on this
part.

The next phase of the compiler, thack-endlis first transforming and manipulating
the equation system to make it solvable. Key aspects of this process are the use of Pan-
telides algorithm [118], block lower triangular form (BLT) [70, 71], dummy-derivatives
[94], and tearing [49]. Typically the DAE is reduced to an index one problem and then
solved with a DAE solver such as DASSL [121] or the IDA solver within the SUNDI-
ALS solver suite [68]. The equation system could also be translated and sorted to form
an ODE, to be solved with a numerical integration method, such as Runge-Kutta. Typ-
ically, the right-hand side of the equation system (for an ODE) or the residual function
(for an DAE) is translated to executable code, where the typical target language is C. Fi-
nally, these generated functions together with a main program is linked together with a
numerical solver and then compiled into an executable file.

The process of phases two and three is typically performed at compile time. The last
step, when the model is simulated (executed) is often referred to as the run time semantics
of the process. Output from this process is typically a file containing simulation data for
the state variables. The data is then later visualized usgmggzhical user interface (GUI)

The process of elaboration, where a EOO model is translated into an equation system,
can informally be described to perform at least the following three main activities:

e Type checking of modelsCheck that parameterized models conform to the type
rules of the language and that basic operations and function calls are type correct.
For example, a function having one argument cannot be applied to two arguments
and a plus operator cannot have a string as its left operand and an integer as its right
operand, etc.

e Collapsing the instance hierarchpuring this activity, new unknowns and equa-
tions are created for sub-components of a model. For example, if a model contains
two resistorsR1 andR2, whereR1 is parameterized with 10 ohm, aR& with 50
ohm, two equations are created = 10 * i1 andu2 = 50 x i 2. More-
over, unknowns, such as the voltage drop over the components must be different
for the components. Hencel andu2 must be different unknowns.

e Connection semanticsAcausal ports contain flow and potential variables, where
the former must sum-to-zero at connection points and the latter must have the same
potential at the connection point. This activity generates equations and unknowns
to enable acausal modeling.

We postpone the discussion about type checking of Modelica models to Chapter 5 and 6
and the discussion of connection semantics to Chapter 11.

We will now present a very simple example to give an intuition of how the instance
hierarchy of a model is collapsed. The example only illustrates the basic principles for
composed models, together with Modelica’s inheritance mechanism. In a compiler that
handles the full Modelica language this is one of the most substantial parts due to number
of constructs in the language and its complicated look-up mechanism.

Consider the following Modelica models:
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nodel B nodel C nodel A
Real vy; Real z=10; extends C(z=5);
Real x; Real t; B b;

equation equation end A;
y=der (Xx); t=z*2;

end B; end C

The task is to elaborate mod&l This means that from the code in modelwe should
extract the corresponding system of equations. Examining ndgela find that it extends
(inherits from)C. Our action is then to simply copy the contents of mo@ehto our
working copy of modeA. The modification equation to varialeein the extends clause
replaces the declaration equation to variablan C. All modifications are resolved as
equations so the overriding modificatior5 is put in the equation section. The result so
faris:

nodel A
Real z;
Real t;
B b;

equation
z=5;
t=z+2;

end A

We do not have to do anything about declarations of variablespwétiefined typege.g.,

Real , | nt eger, andBool ean). However, the componeit must be elaborated be-
causeB is not of a predefined type. We investigate the mdlehd find that it contains

the declarationReal y andReal x. These declarations and all equationsin the model
B will now be inserted in our working mod@lwith the prefixb. as we have now entered
the namespace of the componéntThe elaboration is now complete because there are
only predefined types left in our working model. The final result of this basic elaboration
(excluding type checking and connection semantics) is

nodel A
Real
Real
Real
Real

equation
b. y=der (b. x);
z=5;
t=z+2;

end A;

oo N

X
-y,

2.3 Chapter Summary and Conclusions

We have in this chapter given a brief overview of the Modelica language. We have pre-
sented modeling examples within the electrical domain and explained the overall struc-
ture of the Modelica compilation and simulation process. Finally, we have given a short
overview of the elaboration phase in Modelica.
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Specifying the Modelica Language

HE Modelica language specification defines a formal concrete syntax, but the seman-
tics is informally described using natural language and with examples. This makes

the language’s semantics hard to interpret unambiguously and to reason about, which
affects both tool development and language evolution. Even if a completely formal se-
mantics of the Modelica language can be seen as a natural goal, it is a well-known fact
that defining understandable and concise formal semantics specifications for large and
complex languages is a very hard problem. In this chapter, we will discuss different as-
pects of formulating a Modelica specification; both in termsvbit should be specified
andhow it can be done. Moreover, we will further argue that a "middle-way" strategy can
make the specification both clearer and easier to reason about. An idea for a proposal is
outlined where the current informally specified semantics is complemented with several
grammars, specifying intermediate representations of abstract syntax. We believe that this
kind of evolutionary strategy is easier to gain acceptance for, and is more realistic in the
short-term, than a revolutionary approach of using a fully formal semantics definition of
the language. This chapter is organized as follow:

e We introduce and motivate the need for a middle-way strategy for specifying the
Modelica language (Section 3.1).

¢ Different ways of specifying a Modelica specification are discussed and analyzed
(Section 3.2).

e We explain the idea of specifying abstract syntax for improving the specification
(Section 3.3).
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3.1 Introduction and Motivation

In this section we first discuss different alternatives of specifying a language specification
and then briefly describe previous attempts of specifying subsets of Modelica. Finally, we
introduce the idea of using several intermediate languages as middle-way strategy.

3.1.1 Unambiguous and Understandable Language Specification

The natural goal of a language specification is tazbembiguousso that tool implemen-

tors interpret the specification in exactly the same way. At the same time, it is important
that the specification isasy to understarfdr the intended audience. Unfortunately, it is

not that easy to meet both of these goals when describing a large and complex modeling
language such as Modelica. There are several specification approaches with different pros
and cons. Hence, the overall problem is to find an approach that satisfies the specification
goals in the best possible way.

If the language is described usiigrmal semanticse.g., structured operational se-
mantics [126], the language semantics can in some cases be proved to have certain prop-
erties, such as type safety [124, 151]. However, to understand and interpret a formal
language specification requires a rigorous theoretical computer science knowledge. Fur-
thermore, even if great effort has been spent during the recent decades in formalizing
mainstream programing languages, only a few, e.g., Standard ML [98], are actually fully
formally specified. Accordingly, it turns out to be a very hard task to specify an under-
standable and concise formal specification of an existing complex language.

Alternatively, if the language semantics is described usiatyral language<.g.,
plain English text describing the semantics, it might be easy for software engineers to
understand the specification. Many languages are described in this way, for example
Java [65], C++ [75], and Modelica [102]. However, ease of understanding does notimply
that different individuals interpret the specification in the same way. It is a well known
fact that it is very hard to write unambiguous natural language specifications, and perhaps
even harder to verify their consistency.

3.1.2 Previous Specification Attempts

Several previous attempts have been made to formalize and improve the specification of
the Modelica language. The most obvious one is the further development of the official
language specification itself, conducted by the Modelica Association. The work that re-
sulted in version 3.0 of the language specification contained substantial restructuring and
a more detailed description of the semantics of the language. However, it is not planned
to include any formal descriptions.

Three earlier attempts for improving the specification of the Modelica language have
previously been conducted. The first one, started already in 1998 by Kagedal and Fritz-
son [84, 85] tried to describe the language usdvagural Semanticg81]. As the specifi-
cation grew over time it has evolved into the OpenModelica compiler [117]. The second
attempt by Mauss [95] described the instance creation of the elaboration, but not the type
checking. Finally, our work on Modelica types [27] (described in the next Chapter), tries
to clarify the type concept in Modelica, but does not involve the actual type checking
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algorithm. A more in depth discussion of related work is givetha end of the thesis in
Section 13.2.

A common denominator for all these isolated formal specification attempts is that
they have been conducted in parallel with the official language specification. Even if a
proposed alternative specification covers large portions of the language, it will not be used
as a specification by the community if it is not replacing the official specification. If there
are two specifications of the same concept, how do we then know which one is valid if
they are not consistent? Nevertheless, these formal specification attempts are still very
important to promote understanding and discussion about the informal semantics. It is of
great importance that these works gradually find their way into the official specification.
The problem is how to make this possible in practice because all attempts so far only
model subsets of the real language.

3.1.3 Abstract Syntax as a Middle-Way Strategy

Improving the natural language description of the Modelica specification is an obvious
way of increasing the understandability and removing ambiguity. However, previous work
on formalization of the complete semantics of subsets of the language has shown to be
complex and resulting in very large specifications. Hence, there is a concrete and practical
need to find a "middle-way" strategy to improve the clarity of the complete language, not
just subsets. This strategy must be simple enough to not require in depth theoretical
computer science knowledge of the reader, but still precise enough to avoid ambiguities.

When a compiler parses a Modelica model, the result is transformed irstbsdract
syntax tree (AST)4, 124]. The abstract syntax can be specified usirmrtext-free
grammar

The internal representation of an AST is often seen as a tool implementation issue,
and not as something that is defined in a language specification. Nevertheless, in this
chapter we sketch the idea that an intermediate representations between the transforma-
tion steps (recall Figure 2.2) should be described by specifying its abstract syntax. Note
that this abstract syntax @nly intended as an abstract concept specified in a language
specification and read by humans. It is not intended for implementation.

However, specifying different forms of abstract syntannotreplace the semantic
specification needed in the transformation process because the syntax only describes the
structureof a Modelica model, while the semantics states rtieaningof it. Hence,
in the short term, this specificatiasomplementshe current informal specification, by
clarifying exactly what both the input and the output structure of a transformation are.

By following this evolutionarystrategy, the semantic description may then be gradu-
ally specified more formally. However, this is not straight forward when considering the
whole Modelica language. The main purposes of including abstract syntax definitions in
the specification can be summarized to be:

1. Specifying Valid Input. Increase the clarity of what valid Modelica actually is, i.e, to
make sure that different tools reject and accept the same models.

2. Specifying Expected Output. Remove confusion of what the actual outcome of exe-
cuting a Modelica model is.
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3. Promoting Language Simplification. The Modelica language has been identified to
be sometimes more complicated than necessary (e.g., relations between the gen-
eral class and restricted classes). An abstract syntax formulation can be used as a
guidance tool for identifying the most useful reformulations needed.

Part of the first item is already specified using the concrete grammar. To increase the level
of detail that can be specified of the abstract syntax, we will later on suggest an informal
approach to include context-sensitive information in the abstract grammar specification.
This rules out parts of the informal semantics used for rejecting invalid models. How-
ever, large parts of the rejecting semantics must still be described using another semantic
specification form.

3.2 Specifying the Modelica Language

Defining a new language from scratch with an unambiguous and understandable language
specification is a difficult and time consuming task. Developing and enhancing a language
over many years and still being able to keep the language backwards compatible and the
specification clear, is perhaps an even more challenging mission. In the previous section,
we described this problem with the current specification, motivated the need for improve-
ment, and briefly introduced a proposed strategy. In the beginning of this section, we will
focus on the questiowhat should actually be specified in the Modelica specification. At
the end of the section, we will discubsw this specification can be achieved by survey-
ing some different specification approaches and compare how they relate to the abstract
syntax approach.

At a high level, the syntax and semantics of Modelica can be divided into two main
aspects:

e Transformatiopi.e., the process of transforming a Modelica source code model
into a well defined result. Depending on the purpose, the result can either be an
intermediate form of a hybrid DAE, or the final simulation result.

e Checking i.e., rules describing what a valid Modelica model actually is. These
rules should unambiguously describe when a tool should reject the input model as
invalid.

Both these aspects are important for a clear-cut result, so that tool vendors can create
compatible tools.

3.2.1 Transformation Aspects - What is Actually the Result of an
Execution?

In the introduction section of the Modelica specification 3.2 [104], it is stated that the
scope of the specification is to define the semantics of the translation to a flat Hybrid
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DAE and that it does not define the result of a simulation. A nmmatitécal notation of the
hybrid DAE is given, but no precise and complete output is defined.

However, many constructs given in the specification are not transformed to more prim-
itive constructs during this translation to a Hybrid DAE. Hence, the semantics of these
constructs (e.g., when-equations, algorithm sections), are implicitly defined, even if the
specification states that this should not be the case.

Therefore questions arise: what is actually the transformation process? What is the
expected result of the execution? We would argue that the answer to these questions
would differ depending on who you ask because the current specification is open for
interpretation.

Static vs. Dynamic

In the previous description of the compilation and simulation process, it was assumed
that the process wampiledand notinterpretedThis is not a specification requirement,

even ifitis common that tools are implemented as compilers. The definitions of static and
dynamic semantics are often confusing in relation to compile-time and simulation-time.
Some people will argue that the dynamic semantics is only the simulation sub-process and
that the elaboration and equation transformation as well as the code generation phases are
the static semantics. However, in Modelica it is possible to define a recursive model that
refers to itself, thus resulting in an infinite loop during the elaboration process. In such a
case, it questionable if the elaboration process can be called static.

From the above discussion, it is clear that we need to have a precise definition of the
input and the output of the elaboration process. Whether the two last sub-processes should
be part of the specification is an open design issue, but it is obviously important that the
decision is made if it should be completely included or removed.

3.2.2 Checking Aspects - What is actually a Valid Modelica
Model?

In the current specification, it is hard to interpret what valid Modelica input is, i.e., it is
difficult for a tool implementor to know which models that should be rejected as invalid
Modelica. A restrictive abstract syntax definition can help clarifying several issues.

Besides specifying the translation semantics of a model, a language specification typ-
ically describes which models that should be treated as valid, and which should not. By
aninvalid modelwe mean an transformation that should result in an error report by the
tool. In order for different tool vendors to be able to state that exactly the same models
are invalid,whenandhowto detect model faults must be clearly and precisely described
in the language specification. Unfortunately, this is not as easy as it might seem.

Basically, rules in a specification for stating a valid model can be specified by using
one of the following strategies, or a combination of both:

e Specify rules that indicate valid models. All models that do not fit to these rules are
assumed to be invalid.

e Assume that all models are valid. Explicitly state exceptions where modefmare
valid.
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The current Modelica specification mostly follows the lattep@ach. Here the concrete
syntax constrains the set of legal models at a syntactic level. Then, informal rules given
in natural language together with concrete examples state when a model can be legal or
illegal.

The problem with this approach is that it is very hard for a tool vendor to be sure that
a tool is compliant with the specification.

Time of checking

Detecting that a model is invalid can take place at different points in time during the
compilation and simulation phase. Even if this can be regarded as a tool issue and not a
language specification detail, the checking time has great implications on a tool’s ability
to guarantee detection of invalid models.

Figure 3.1 outlines a simplified view of the earlier described compilation and simula-
tion process, where the three sub-processes of equation-transformation, code generation
and simulation are combined into one transformation step. Also, the lexical analysis and
parsing steps are omitted from the figure.

Hybrid DAE

Elaboration Transformation &
Simulation

AN
Simulation

NN

Modelica
model Result

Figure 3.1: Possible points in time when the checking can occur.

The figure shows fiveTl - T5) conceptual points in time where the checking and re-
jection of models can take place. Starting from the erfjllustrates the final step of
checking that the simulation result data is correct according to some requirements. This
checking can normally not be conducted by a tool, but only by humans who have the
domain knowledge.

The checking at poinT4 takes place during simulation of the model. This is what
many would refer to adynamic checkindpecause it is performed during runtime. Errors
which can occur here are for example numerical singularities after events or array out-
of-bound errors. Because Modelica does not have an exception handling mechanism, it
is implicitly assumed that the tool exits with an error statement. Checking pairis
performed after the elaboration phase. This can for example concern controlling that the
number of equations equals the number of unknowns.

Even if it is not stated in the Modelica specificatidr?, is our interpretation of the
specification where the type checking takes place. Here, the naming of this kind of check-
ing is often a source of confusion. If the elaboration phase is regarded statlvesernan-
tics, some people call thistatic type checkingHowever, because the elaboration phase
is the major part of the semantics described in the specification, and it involves complex
transformation semantics, this can be viewed as something dynamic from an interpretive
semantics point of view, or as something static from a translational semantics point of
view. Using an interpretive semantics styl€, would involvedynamic type checking

Following this argumentation, therl would represenstatic type checking.e., the
types in the language are checkidforeelaboration. This reasoning is analogous to
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dynamic checking in languages such as PHP and Common LISPaced static type
checking in Haskell, Standard ML, or Java. Even if the Modelica specification does not
currently support this kind of static checking, it has a major impact on the ability to detect
and isolate for example over- and under-constrained systems of equations or to enable
separate compilation.

3.2.3 Specification Approaches - How can we State What it’s all
About?

When it is cleawhatto specify, the next obvious questiontiswto specify it. There are
several specification approaches, and we have briefly mentioned some of them earlier in
this chapter.

As evaluation criteria, it is natural to use the specification goalsiderstandability
and unambiguity Furthermore, it is also of interest to estimate thressivenessf
the approach, i.e., how much of the intended specification task can be covered by the
approach.

In the following table, a number of possible specification approaches are listed, with
our judgements of the evaluation criteria.

Approach | Understandability | Expressiveness Unambiguous
Natural language description High-Medium High Low
Formal semantics Low Medium High
Abstract Syntax Grammar Medium Medium High
Concrete Syntax Grammar Medium Low High

Test suite High High Medium
Reference Implementation Medium High High

Table 3.1: Possible specification approaches with our judgements of the evaluation
criteria.

A natural language specification can be understandable and expressive, depending on the
size and quality of the text, but easily leads, as we have discussed earlier, to ambiguous
specifications. Using a formal type system together with formal semantics [124] is here
seen as having low understandability because it requires high technical training. It is
however very precise and fairly expressive.

The expressiveness of the abstract syntax is stated as higher than the concrete syntax
because we can introduce context dependent information in the grammar using meta-
variables. An example of this will be given in the next section.

We have also included approaches such as the use of a test suite and reference im-
plementation. The approach to use a test suite as a specification can be an interesting
complement to abstract syntax and informal semantics. However, it is very important to

1Understandability is of course a very subjective measurement. In this context, we have chosen to also
include the level of needed knowledge to understand the concept, i.e., a concept requiring an extensive computer
science or mathematical background results in lower understandability rating.
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state which description that has precedence if ambiguiteesliacovered. Finally, a ref-
erence implementation can also be seen as a specification, even if it could be hard to get
a good overview over it if the language is large and complex.

3.3 An Abstract Syntax Specification Approach

In the following section we will briefly discuss the idea to use abstract syntax as part
of the Modelica specification. Initially, the different abstract syntax representations are
outlined in relation to the transformation process described in Section 3.2.1, followed by
a discussion about the specification and representation of the syntax.

3.3.1 Specifying the Elaboration Process

An Abstract Syntax Tre€AST) can be seen as a specific instance of an abstract syntax.
Transformation processes inside a compiler can be defined as transformations from one
intermediate representation to another. ASTs are a natural form of intermediate represen-
tation.

Consider Figure 3.2, where the elaboration process is shown with surrounding ASTs.
The first step in the process is the ordinary scanning and parsing step, which is formally
defined in the specification using lexical definitions and concrete syntax definitions using
Extended BNF.

Complete AST (C-AST)

This step transforms into the first tree call@dmplete AST (C-AST)which is a direct
mapping of the concrete syntax. Although this is a natural step in a compiler implemen-
tation, it is of minor interest from a specification perspective.

Simplified AST (S-AST)

From the C-AST, a simplification transformation translates the C-AST into a simplified
form calledSimplified AST (S-AST)This transformation’s goals are:

e Desugaring The process of removing so callsgntactic sugamhich is a conve-
nient syntactic extension for the modeling engineer, but with no direct implication
on the semantics. Example of such desugaring of a model is to collect all equation

. N
mgg::l?i?e C-AST S—AST HDAE-AST
mods ———» | Gomplete AST » | Simplified AST | | Hybrid DAEAST |
Scanning & Desugering & Elaboration Equation
Parsing

Simplifications Transformation &
Code generation

Formally Formally

Specified Specified Formally

Specified

Figure 3.2: Modelica’s compilation process divided into intermediate representa-
tions in the form of abstract syntax trees (ASTS).
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sections into one list because the Modelica syntax allowsrakaégorithm and
equation sections to be defined in a model.

e Normalizing TransformationsMinor transformations and operations that help the
S-AST to be a canonical form which is more suitable as input to the elaboration
process. For example assigning correct prefixes to subelements.

e Checking model validity. One of the purposes with S-AST is that it is more re-
strictive than the C-AST. Hence, some C-AST constructs are not valid S-AST. This
restriction gives the possibility to ensure certain model properties, which in the
current Modelica specification are described using informal natural languages. For
example, which kind of restricted classes is the record class allowed to contain as
its elements?

The S-AST can be seen as a simplified internal language analogouslybartienguage

of Standard ML [98]. However, initially, we do not see a similar short and precise way of
specifying the transformation from C-AST to S-AST because of the size and complexity
of the language.

Hybrid DAE AST (HDAE-AST)

Besides S-AST, the output of the elaboration phase called Hybrid DAE AST (HDAE-
AST) is proposed to be specified formally in the specification. The HDAE-AST must not
just be a high-level mathematical description of an Hybrid DAE, but an explicit syntax
description describing a complete specification of what the actual output of the elaboration
phase is. This does not only include equations and variables, but function definitions,
algorithm sections, when-equations and when-statements. Even if this information is
possible to derive from the current specification, it would be a great help for the reader to
actually know what the output is, not just assume it.

Note that our approach suggests that the language specification should initially include
a precise description of the possilsigucturesof the ASTSs; specifying input and output
to the transformation process. The semantics of the transformation must still be described
using another approach that initially could still be an informal description.

3.3.2 Specifying the Abstract Syntax

The specification of the syntax must be described using some kigdaohmar The
syntax can be specified usingantext-freegrammar, e.g. in Backus-Naur Form (BNF).
However, we propose a more abstract definition of a grammar, where ceetanvariables
range over names and identifiers.

For example, by stating that a meta-variaBleranges ovenames(identifiers with
possible dot-notation) referencingr&cor d, we have introduced a contextual depen-
dency in the grammar. The grammar declaratively states the requirement that this name
must after lookup be a record, without statimgw the name lookup should be performed.
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The latter must of course also be described in the specifigdtidgrnn this way the differ-

ent issues are separated. Consequently, this grammar is not intended to be used directly
by a parser generator tool such as Yacc, but as a high-level specification which is less
open for interpretation.

3.3.3 The Structure of an Abstract Syntax

Depending on the purpose and language for an abstract syntax, the structure of the syntax
itself can be very different.

When specifying a simple functional languages, itis common that the grammar of the
abstract syntax only has one non-terminal, namelgran [124]. Hence, all evaluation
semantics is performed on this node type only, and all terms can be nested into each other.
This gives a very expressive language, but the constraining rules ensuring the validity of
an input program must be given in another form. This form is normally a fotyue
systemdescribing allowed terms.

Another method is to describe the abstract syntax with many non-terminals; more
than needed for a production compiler. In for example the Modelica case, the different
restricted classesrodel , bl ock, connect or, package, andr ecor d would not
be represented as one non-termidlalss but as different non-terminals. This structure
would be more verbose, but also give the possibility of more precisely describing relations
between restricted classes.

Somewhere inbetween those two extremes is for exampl8@IBE representation
used in the earlier RML specification [84] and the current OpenModelica implementation.
For the specification purpose, we suggest to use the most verbose alternative, i.e. the
second alternative using many non-terminals. The rational for this choice is basically that
this more restrictive form gives more information about what the actual input and output
of the elaboration processes are.

3.3.4 A Connector S-AST Example with Meta-Variables

To give a concrete example where a grammar for S-AST can improve the clarity com-
pared to the current informal specification, we take the restricted classect or as
an example. In the Modelica specification it is stated that for a connétmrequa-
tions are allowed in the definition or in any of its componenis/hat does this mean?
That no equations are allowed at all? Are declaration equations allowed, for example
Real x = 47? Obviously, it is not allowed to have instances of models that contain
equations, but is it allowed to have models that do not contain equations? Is it only al-
lowed to have connectors inside connectors, or can we also have records in connectors,
since these are not allowed to have equations either? These questions are not easy to
answer with the current specification, because it is open for interpretation.

Consider Figure 3.3, where an example of the non-terminal foomnect or is
listed using a variant of Extended BRIFAs usual, alternatives are seprated using the |
symbol, and curly bracketd. .. }) denote that the enclosing elements can be repeated
zero or more times.

2The following example grammar is not intended to exactly describe the current Modelica specification. The
aim is only to outline the principle of such grammar in order to describe the abstract syntax approach.
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connector ::= Connect or (
{Ext ends( C; conModi fication) }
{Decl| Con( modifiability outinner Cq connector) }
{Decl| Rec( modifiability outinner Rq record) }
{ConpCon( conconstraint Cy cq conModi fication) }
{CompRec( conconstraint R, rq recModification) }
{Conpl nt ( conconstraint xq) }
{CompReal ( conconstraint flowprefiz yq) }

)
access == Public|Protected
modifiability = Repl aceabl e |Fi nal
outinner = CQuter |l nner |Quterlnner | Not Quterlnner
conconstraint = | nput | Qut put || nput Qut put
flowprefixz == Fl ow| NonFl ow

Figure 3.3: Example of a grammar for the connector non-terminal. Non-terminals
conModification and recModification is not defined in the figure and can be assumed
to define the connector and record modifications respectively.

The grammar is extended with a more abstract notationetavariablesvhich range
over names or identifiers. Metavariabl€s and R, range over identifiers declaring a
new connector respectively record; and R, range over connector and record names
referencing an already declared connector or record. Metavariahles, x4, andyy
range ovecomponentdentifiers having the type of connector, record, Integer, and Real.
All bold strings denote a node in the AST. If the AST is given in a concrete textual
representation, these keywords are used when performing a pre-order traversal of the tree.

In the exampleconnectorcan hold zero or mangxt ends nodes, referencing the
meta-variable”,., denoting all names that reference a declared connector. Hence, using
this meta-variable notation, this rule states that a connector is only allowed to inherit from
another connector.

Furthermore, the example shows that a connector is allowed to have two kinds of
local classes: Connector and Record (nddes! Con andDecl Rec). ConpCon and
ConpRec state that a connector can have both connector and record components.

For each of the different kinds of elements, it is stated exactly which prefixes that are
allowed. This description is more restrictive than the concrete syntax, which basically
allows any prefix. In the current specification these restrictions are stated in natural lan-
guages, spread out over the specification. For example, on one page it is'gaatables
declared with the flow type prefix shall be a subtype of Redalich a text is superfluous
when the grammar for S-AST is specified (note tflatvprefix is only available in the
ConpReal node).
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3.4 Chapter Summary and Conclusions

In this chapter we have briefly discussed the idea of finding a middle way between an
informal language specification described in natural language and a formal definition.
The main idea is to describe several intermediate languages for the Modelica simulation
process, and to give an abstract syntax for each intermediate language.

We presented the ideas in this chapter in 2007 [24] as an attempt to seek new ways
of improving the Modelica specification. The target audience was the Modelica design
group and others interested in the design of the Modelica language. However, until this
date no further work has been conducted to formalize the specification in this way.



Growing the Modelica Language

QUATION-BASED OBJECTFORIENTED(EOO) modeling languages are typically rather

complex. In the hypothetical ideal case, a language can be defined once and subse-
quently for all future fulfill all demands a user might require regarding expressiveness,
performance, and safety. Unfortunately, this is never the case. Language theory is one of
the core areas within computer science, and history has shown that language design is a
very difficult task and that there is no simple solution to design a language that covers all
problem domains at once. In a famous talk by Guy L. Steele, he discusses the essence of
designing a language for the future [136, 138]:

“If | want to help other persons to write all sorts of programs, should | design

a small programming language or a large one? | stand on this claim: | should
not design a small language, and | should not design a large one. | need to
design a language that can grow. | need to plan ways in which it might grow

- but I need, too, to leave some choices so that other persons can make those
choices at a later time.”

The design space and problems of growing an equation-based object-oriented (EOO)
modeling language have much in common with the design of a general purpose program-
ming language. However, there are also several aspects where EOO languages differ,
raising new questions and design problems.

This chapter discusses and analyzes how EOO languages in general can be designed
for growth, and in particular how this relates to the evolution of the Modelica language.
We do not present any technical contribution, but a systematic categorization of how a
language can grow. The rest of the chapter is organized as follows:

e The design space of how an EOO language can grow is outlined using a new matrix
model that categorizes different ways of growth (Section 4.1).

45
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e The trade-offs for different ways of growth are discussed and analyzed from various
stakeholder’ perspective (Section 4.2).

4.1 Different Ways of Growing a Language
A language can grow in many different ways and directions. However, in the end, itis all

about changing the language’s syntax and/or semantics. In this section, we categorize and
exemplify different ways of growing a language.

4.1.1 The Ways of Growth Matrix

The relationship between syntax and semantics regarding language growth is illustrated
in Figure 4.1.

Extending the Semantics

yes no
yes “growth by adding “growth by adding
new language features” syntactic sugar”
Extending
the Syntax
“growth by new “growth by new
no meanings of annotations user defined
or built-in functions” abstractions”

Figure 4.1: Categorization of different ways of growth depending on whether the
language is extended by syntax and/or semantics.

This matrix shows the different ways of growth, whether a language is extended with its
syntax or semantics, both, or none of them. The following sub-sections describe these
ways of growth by giving examples from the Modelica language.

4.1.2 Growth by Adding New Language Features

The most obvious one is given in the upper left corner of Figure 4.1, i.e., extending both
the syntax and the semantics. This is the ordinary way of adding a new language feature,
where the new language construct is added to the syntax grammar and the new semantics
for this construct is defined.

For example, lookup of variables in Modelica can be according to lexical scope and
scope defined by instance hierarchy. The latter was added by defining new syntax where
variables could be defined to b@ner orout er . For example, consider Figure 4.2:

Inside modelN two instances of modéMare created, namelyl andn®. Besides the
syntactic extension needed for this language feature extension, the meaning of a variable
declared as nner andout er must be defined.
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nodel M nodel N
outer Real x; i nner Real x;
. M, nP;
end M C
end N,

Figure 4.2: Example of the rules for using inner/outer.

Both the dynamic and the static semantics must be defined. The dynamic seman-
tics can be seen as the meaning of the actual scoping. From the specification [104], the
definition is:

“An element declared with the prefix outer references an element instance
with the same name but using the prefix inner which is nearest in the enclos-
ing instance hierarchy of the outer element declaration.”

For example, when componemt is elaborated, it is discovered thatdefined inMis
anout er element. Hence, it looks up the variable with same name (in thiscpse
nearest in the instance hierarchy, which is xhdeclared as nner in modelN. Hence,

N. x, N. mL. x, andN. n2. x are the same variable. The static semantics define the type
system, e.g., iN. x is an integer buM x is a real, a conflict exists.

4.1.3 Growth by Adding Syntactic Sugar

Another approach of growing a language is to extend the syntax, but to leave the semantics
as it is (the upper right corner of Figure 4.1). This way of extending a language is often
referred to as addingyntactic sugailWhat does this mean?

Basically, the idea is that neither the dynamic nor the static semantics are changed. In-
stead, only the grammar for the concrete syntax is extended, but not the abstract syntax. A
transformation rule from the new syntax to the abstract syntax is then defined. Hence, the
core of the semantics is left unchanged, but a new syntactic form is added (the syntactic
sugar).

Let us explain the idea with a concrete example. Consider the four Modelica models
MLa, MLb, MLc, andMLd given in Figure 4.3.

All four models state a simple initial value problem, with a slight difference in their defini-
tions. Are all these models stating exactly the same problem, i.e., are the model’s meaning
the same?

The simulation result for the first three models are the same, but viidetioes not
compile. In modeMLa andMLc thest art attribute states that the initial condition for
x is 5 at time0. In Modelica specification version 2.0, the procedure for specifying initial
conditions were changed, and the ability to addra ti al equati on section was
added [93]. ExamplebiLb andMLd both show that the initial equation = 5 is used
instead of thest art attribute. Hence, the same meaning for initial conditions can be
specified in different syntactic ways. Would it not be possible to just specify the meaning
of one form, and then add the other form as syntactic sugar?
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nodel Mla nodel MLb
Real x(start=5); Real x;
equation equation
der(x) = -x + 2; der(x) = -x + 2;
end Mla; initial equation
X = 5;
end Mlb;
nodel Mlc nodel MLd

Real x(start = 5,
fixed=true);

Real x(fixed =
true);

equation equation
der(x) = -x + 2; der(x) = -x + 2;
end Mlc; initial equation
X = b5;
end MLd;

Figure 4.3: Four almost identical Modelica models stating a simple initial value
problem.

Yes it would be possible, if it was not for the additional special attriiuteed,
which was introduced in the language before the initial conditions. The intuitive meaning
of fi xed is that if it is true, then the correspondisgjar t attribute must hold during
the initialization MLc). This is equivalent to an explicit initial equation (MLiHowever,
if fi xed is false, the start attribute is treated agugessvalue, i.e., the solver can use it
as an initial guess, but it does not need to be the initial value. This is the case in model
Mla because variables in Modelica have as defauked = f al se. Why can we not
compileMLd then? The reason is that the attribfiiexed does not concern the initial
equation here, but thet art attribute. In Modelica, all variables of type real have as
defaultst art = 0. Hence, in the casklld, the initial condition states that must be
both equal to 0 and to 5 at the same time, i.e., the initial condition is over-determined and
cannot be solved.

Now, consider Figure 4.4, which shows three potential ways of modeling a steady
state initialization:

Model M2c is using initial equations for modeling the steady state, which is one of
the motivations of introducing initial equations. However, as can be seen in the first two
models, it can also be modeled by using the start attribute together with a new algebraic
variabledx. ModelsM2b and M2c always give a steady state initialization, hvRa
depends on if the tool chooses to use the start valux ads initial value (which turned
out to not be the case in the tested Dymola [45] environment).

With the current design of Modelica, it is not trivial to define for examplesthar t
attribute as syntactic sugar of initial equations. However, if it was possible, one can argue
that themeaningof the start attribute would be easier to grasp, both for an end user and
a compiler engineer. As shown in Figure 4.4, it is also possible to define steady state
initialization, by using the start attribute together with ordinary equations.
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nodel Ma nodel Mb
Real x; Real x;
Real dx(start=0); Real dx(start=0, fixed=true);
equation equati on
der(x) = -x + 2; der(x) = -x + 2;
der (x) = dx; der (x) = dx;
end Ma; end Mb;
nodel Mec
Real x;
equation
der(x) = -x + 2;
initial equation
der(x) = 0;
end Mc;

Figure 4.4: Steady state initialization modeled in three different ways.

If initial equations were the basic primitive construct (part of the AST) and the start at-
tribute was added later as syntactic sugar, the language would have grown without chang-
ing the semantics. However, as it turned out in the Modelica case, the initial equations
were added afterwards, resulting in that both the semantics and the syntax needed to be
changed.

4.1.4 Growth by New Meanings of Annotations or Built-in
Functions

A somewhat more unusual way to grow a language is to extend the semaritiosit
changing the syntax (the lower left corner of Figure 4.1). Hence, this approach changes
the meaning of programs without the need to update the grammar for the concrete syntax
of the language. How is this possible?

One way of achieving this has been done in the Modelica language using built-in func-
tions, e.g.si n(x),cos(x),floor(x),del ay(expr, del ayTi ne) etc., that all
adhere to the standard function syntax. The semantics of such a functions are informally
described in the specification using natural language. Hence, the semantics is extended
without changing the syntax.

Modelica uses a sophisticated approach for this call@ibtations Annotations can
be used for storing various extra information about models, such as graphics, version
information, or documentation.

In the latest specification, a number of annotations are standardized (i.e., the meaning
(semantics) of them are specified). However, vendor tools are free to add their own an-
notations, as long as the annotations names start with the company’s name. For example,
Figure 4.5 shows an example of a vendor specific graphical annotation:
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annotation (
I con(coor di nat eSyst en( ext ent ={{- 100, - 100}, {100, 100}}),
gr aphi cs={__NaneOf Vendor (Circl e(center={0, 0}, radius=10))})

Figure 4.5: A vendor specific annotation for a circle [103].

4.1.5 Growth by New User Defined Abstractions

The lower right corner of Figure 4.1 assumes that neither the syntax nor the semantics is
extended. How is it then possible to grow the language at all?

This is actually a very fundamental and natural way that has been part of programming
language history from the beginning. The key point is that the user can grow the language
by adding new words and meaning without altering the language definition itself. In a
functional language it is done by defining new functions, in object-oriented languages
by adding class definitions or method definitions to existing classes. In many languages,
these new abstractions can be collected lii@ries enabling reuse at a later time.

In Modelica, the user can grow the set of new user defined abstractions by adding
definitions of functions, classes, models, blocks etc. and then encapsulate them into pack-
ages. Hence, growth by new user abstractions is the natural way of programming/model-
ing, where library developers develop libraries that can later on be reused by other users.
Although this principle is natural and obviously beneficial, it is far from trivial to create a
language that enables this growth.

A key point, also emphasized in Steele’s speech [136], is that new definitions defined
in libraries should look like primitives in the language itself. Hence, in the ideal case,
a user of a language should not be able to distinguish if the language has been extended
with new functionality via a library definition, or by changes in the language specification.
One early programming language that achieved this is LISP [137]. In this language, new
definitions defined by users look like primitives and all primitives look like definitions by
users. Hence, LISP is a language truly built for growth by its users.

4.1.6 Restricting the Language

In the previous sections, four different categories for extending the semantics and/or the
syntax were given. In these scenarios, the language grows by providing more expressive-
ness, i.e., that new models or programs can be expressed that were not possible before, or
that the same models can be defined in a more concise manner. However, how does a lan-
guage’s safety aspect grow, i.e., how can the language be improved for detecting errors,
isolating faults in models, and possibly guaranteeing the absence of certain kind of faults
in models?

The safety aspect of a language can actually grow by restricting the language, i.e., by
defining rules that reject models as illegal. This can be defined by restricting the grammar
(the syntax) or by adding semantic rules, e.g., using a static type system to define legal
models (the semantics).

Our previous work on determining over- and under-constrained models by extending
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the static type system of an EOO language [28] is an examplecbfan approach. Parts

of these ideas have later also beenincluded in the latest Modelica specification [103]. This
is one of the major changes in Modelica version 3.0, where Modelica models are required
to be balanced, i.e., to have the same number of equations as unknowns. A more detailed
overview and rationale of balanced models in Modelica is given by Olesaal.[116].

One major implication of growth when restricting the language is backwards compat-
ibility. Unavoidably, models that were earlier legal will become illegal in later language
versions. As long as the illegal models were in fact useless models, e.g., models that
were not possible to simulate, this backwards incompatibility could be acceptable. How-
ever, to reject legal working models are of course more controversial. Regarding balanced
models, it has been argued in the Modelica design group, that it is now possible to check
libraries and detect errors earlier and therefore enable the user to build larger models with
less effort.

4.2 The Right Way to Grow

Which is the right way to grow? The right way to grow a modeling or programming
language is not always the easiest way. The easy way is not always easy for everyone. We
will in this section discuss and analyze the benefits and drawbacks of the various ways of
growth from different stakeholders’ perspective.

4.2.1 Stakeholders of an Object-Oriented Equation-Based
Modeling Language

The design and evolution of a language for modeling and analysis of systems is affected
by several different stakeholders:

e Language Designer®erson(s) inventing and designing the actual language.

e End Users The users who use the language for modeling and analysis. In the
Modelica case, these are usually engineers who create the model mainly using the
graphical component-based drag-and-drop user interface.

e Library Users Engineers and scientists who develop reusable model libraries. Li-
braries are created by editing textual Modelica code. The free Modelica standard
library is one example.

e Tool Vendors Computer scientists and computer engineers who develop the com-
piler and tools for viewing, editing, compiling, and executing models.

Each of these stakeholders have different demands and priorities regarding what is impor-
tant when growing the language.

4.2.2 Language Designers’ Perspective

Unfortunately, language designers tend to want their language to be able to handle every-
thing. One of their main challenges is not what to put in the language, but what to actually
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leave out. If a language is designed by one person or a smalpgtioese individual(s)

need to judge, test and take all decisions by themselves. This may lead to a concise design,
but there is a considerable risk that important input from other stakeholder’s, such as end
users becomes limited. On the other hand, if the language is designed by a community
with a committee, input comes from many sources. However, there is a substantial risk
that the different parties involved will lead to many compromises that can make the lan-
guage large and complex. The latter approach with a design community and committee is
the path that the design of Modelica has followed.

When many parties are involved in the language the risk is that new “features” are con-
tinuously added to the specification, i.e., the upper left corner of the matrix in Figure 4.1
where both the syntax and semantics are changed. However, if fewer people are involved
in the process, the language may be designed with a more well-defined core semantics
and large parts are defined by using the approach with syntactic sugar. This is the way
that for example Standard ML is defined [98]. This way of defining a language is hard
and challenging, but can if done right lead to a less ambiguous specification. See [24] for
further discussions regarding this topic.

Finally, one of the language designers incentives, that is often forgotten, is the need
for change. If the language is completed, their role is not needed anymore.

4.2.3 End Users’ Perspective

From an end user’s perspective it is of course very important that the language is easy to
use and understand. Moreover, the semantics that the language actually has must be close
to what a fairly new user of the language expects. A clear core semantics is of course ben-
eficial when using syntactic sugar that clearly states similar constructs’ meaning. Hence,
situations as described previously about initial equations in Modelica should if possible
be avoided.

If a user makes mistakes, i.e., creates errors, it is of high importance that the errors
can be detected and that the faults in the model can be isolated and resolved. However, re-
stricting the language so that working models become unusable (i.e., non backwards com-
patibility) is generally not acceptable. Hence, from an end user’s perspective, language
changes that restrict the language should preferably be done very early in the language’s
history.

End users will of course also be able to solve new problems and use existing models
in different ways. Even though the Modelica language is primarily designed for simula-
tion, there are several other kinds of analysis that are important, such as applications for
automatic control [34] and optimization problems [79].

4.2.4 Library Users’ Perspective

The library user wants expressiveness. In the ideal case, the library user can grow the
language by himself/herself, by adding new functionality which is indistinguishable from
primitive language constructs.

Library users may have conflicting interests with both language designers and tool
vendors because complications and details about the language is not the primary focus for
the user. Hence, library users are typically stakeholders who want to continuously expand
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and add new complex features into the language, so that it lecomare expressive for
their needs (adding both new syntax and semantics).

4.2.5 Tool Vendors’ Perspective

Tool vendors create tools based on their interpretation of the language specification.
Hence, one of the fundamental needs for a tool vendor is that the specification can be
interpreted unambiguously. The specification must be easy to read, which is the case
for an informal specification written in a natural language. However, it also needs to be
precise and not open for different interpretations.

The approach of using a core semantics and define large parts of the language us-
ing syntactic sugar potentially gives a middle way. For example, the budtdae( b)
operator is defined to be equal to

(b and not pre(b))

Hence, parts that are defined as built-in operators can in fact be treated as syntactic
sugar.

Finally, a perspective that should not be forgotten is the tool vendor's commercial
perspective. i.e., their focus is primarily their sales possibilities, their customers’ needs,
and making their customers dependent on their tools. This is indicated by the fact that
tool vendors often want to be different compared to their competitors. Hence, this can be
a conflict of interest with the language designers because tool vendors might not always
want to be 100% compatible with competitors.

4.3 Chapter Summary and Conclusions

A programming language in general and an equation-based object-oriented modeling lan-
guage in particular cannot be designed once and for all. Hence, there is a need to plan for
the language to grow.

We have in this chapter categorized ways of growing a language, by either extending
the semantics and/or the syntax. Moreover, we have listed how different stakeholders have
different perspectives on what is important when growing a language. The importance of
the different ways of growing can be summarized as follows:

e Growth by adding new language featurBsvays changing both the syntax and the
semantics is the most drastic kind of change of a language and should be minimized
or avoided, especially for mature and widely used languages. The stakeholders
that are most negatively affected of such changes are language designers and tool
vendors, while library users might be the ones that push most for such extensions.

e Growth by adding syntactic sugaExtending only the syntax by using syntactic
sugar and at the same time keeping a core semantics is one of the preferable ap-
proaches to language growth. It gives both a precise language definition for the tool
vendors as well as an understandable language for the user.

e Growth by new meanings of annotations or built-in functiorarowth by only
changing the semantics and not the syntax might first seem to be a very attractive
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approach, especially for language designers because fewehare needed in the
specification. However, it can also be dangerous, e.g., in cases where many tool
dependent annotations might make different tools incompatible.

Growth by new user defined abstractioR#ally, growth by user defined abstrac-
tions, i.e., neither the syntax nor the semantics are changed, is the preferable ap-
proach in the long term. However, it is far from obvious how to achieve this, es-
pecially in such a young language research area as equation-based object-oriented
languages.



Types in the Modelica Language

ONE long term goal of modeling and simulation languages is to give engineers the
possibility to discover modeling errors at an early stage, i.e., to discover problems in
the model during design and not after simulation. This kind of verification is traditionally
accomplished by the use tfpesin the language, where the process of checking for such
errors by the compiler is callegipe checkingHowever, the concept of types is often not
very well understood outside parts of the computer science community, which may result
in misunderstandings when designing new languages. Why are then types important?
Types in programming languages serve several important purposes such as naming of
concepts, providing the compiler with information to ensure correct data manipulation,
and enabling data abstraction. Almost all programming or modeling languages provide
some kind of types. However, few language specifications include precise definitions
of types and type systems. This may result in incompatible compilers and unexpected
behavior when using the language.

The purpose of this chapter is twofold. The first part gives an overview of the concept
of types, states concrete definitions, and explains how this relates to the Modelica lan-
guage. Hence, the first goal is to augment the computer science perspective of language
design among the individuals involved in the Modelica language design. The long-term
objective of this work is to provide aids for further design considerations when develop-
ing, enhancing and simplifying the Modelica language. The intended audience is con-
sequently engineers and computer scientists interested in the foundation of the Modelica
language.

The second purpose of this chapter is to study the type conceptin Modelica. The main
contribution of this work is the insight that Modelica has two categories of types: class
types and object types. The rest of this chapter is organized as follow:

e We outline the concept of types, subtypes, type systems, and inheritance, and how
these concepts are used in Modelica and other mainstream languages (Section 5.1).

55
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e We give an overview of the three main forms of polymorphism, and how these
concepts correlate with each other and the Modelica language (Section 5.2).

e We introduce the type concept of Modelica more precisely, where we give a con-
crete syntax for expressing Modelica types (Section 5.3).

5.1 Types, Subtyping and Inheritance

There exist several models of representing types, whereéat mode[33] is one of the
most well-known. In this model, there is a univeidef all values, containing all values
of integers, real numbers, strings and data structures such as tuples, records and functions.
Here, types are defined as sets of elements of the unierséere is an infinite number
of types, but all types are not legal types in a programming language. All legal types
holding some specific property, such as being an unsigned integer. Figure 5.1 gives an
example of the universeg and two types: real type and function type, where the latter has
the domainof integer anccodomainof boolean.

In most mainstream languages, such as Java and C++, typesiatly typed by
stating information in the syntax. In other languages, such as Standard ML and Haskell, a
large portion of types can beferredby the compiler, i.e., the compiler deduces the type
from the context. This process is referred taygme inferenceand such a language is said
to beimplicitly typed. Modelica is an explicitly typed language.

Figure 5.1: Schematic illustration of Universé.

5.1.1 Language Safety and Type Systems

When a program is executed, or in the Modelica case: during simulation, different kinds
of execution errors can take place. Itis practical to distinguish between the following two
types of runtime errors [32].

e Untrapped errorare errors that can go unnoticed and later cause arbitrary behavior
of the system. For example, writing data out of bound of an array might not result
in an immediate error, but the program might crash later during execution.

e Trapped errorsre errors that force the computation to stop immediately; for ex-
ample division by zero. The error can then be handled by the runtime system or by
a language construct, such as exception handling.

A programming language is said to bafeif no untrapped errors are allowed to occur.
These checks can be performedcaspile-time checkslso calledstatic checkswhere
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the compiler finds the potential errors and reports them to tbgrammer. Some errors,
such as array out of bound errors are hard to resolve statically. Therefore, most lan-
guages are also usingntime checksalso calleddynamic checkingHowever, note that
the distinction between compile-time and runtime becomes vaguer when the language is
intended for interpretation.

Typed languages can enforce language safety by making surevéifiatyped pro-
grams cannot cause type errors. Such a language is often ¢gledafeor strongly
typed. This checking process is callégpe checkingand can be carried out both at run-
time and compile-time.

The behavior of the types in a language is expressediypa system A type sys-
tem can be described informally using plain English text, or formally usypg rules
The Modelica language specification is using the former informal approach. Formal type
rules have much in common with logical inference rules, and might at first glance seem
complex, but are fairly straightforward once the basic concepts are understood. Consider
the following:

I't ey : bool I'kFey: T I'kes:
'+ if e; thenes elsees : T'

T (wif

which illustrates a type rule for the following Modelicé -expression:
if el then e2 else e3

A type rule is written using a number pfemisedocated above the horizontal line and
a conclusionbelow the line. Thdyping judgement’ + e : T means that expressian
has typel” with respect to a static typing environméhtHence, the rule (t-if) states that
guarde; must have the type of a boolean and thatinde; must have the same type,
which is also the resulting type of thé -expression after evaluation. This resulting type
is stated in the last part of the conclusion, i:€L,

If the language is described formally, we can attempt to proveithe soundness
theorem[151]. If the theorem holds, the type system is said tosbendand the lan-
guagetype safeor or justsafe The concept of type safety can be illustrated by Robin
Milner's famous statement "Well-typed programs cannot go wrong" [97]. Modern type
soundness proofs are based on Wright and Felleisen’s approach where type systems are
proven correct together with the language’s operational semantics [151]. Using variant
of this technique, informally stated, type safety holds if and only if the following two
statements hold:

e Preservation If an expressior has a typel” ande evaluates to a value, thenv
also has typé'.

e Progress If an expressior has a typd then eithee evaluates to a new expression
e’ ore is a value. This means that a well typed program never gets "stuck”, i.e., it
cannot go into a undefined state where no further evaluations are possible.

Note that the above properties of type safety correspond to our previous description of
absence of untrapped errors. For example, if a division by zero error occurs, and the se-
mantics for such eventis undefined, the progress property will not hold, i.e., the evaluation
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gets "stuck"”, or enters an undefined state. However, if dynaemtantics are defined for
throwing an exception when the division by zero operation occurs, the progress property
holds.

For the imperative and functional parts of the Modelica language, the safety concept
corresponds to the same methodology as other languages, such as Standard ML. However,
for the instantiation process of models, the correspondence to the progress and preserva-
tion properties are not obvious.

Table 5.1 lists a number of programming languages and their properties of being type
safe [32, 99]. The table indicates if the languages are primarily designed to be checked
statically at compile-time or dynamically at runtime. However, the languages stated to be
statically type checked typically still perform some checking at runtime. Although many
of the languages are commonly believed to be safe, few have been formally proven to be
Sso.

Language Type Safe | Checking
Standard ML | yes static
Java yes static
Common LISP| yes dynamic
Modelica yes static
C/C++ no static
Assembler no -

Table 5.1: Believed type safety of selected languages.

One can argue whether Modelica is statically or dynamically checked, depending on how
the terms compile-time and runtime are defined. Furthermore, because no exception han-
dling is currently part of the language, semantics for handling dynamic errors such as
array out of bounds is not defined in the language and is therefore considered a compiler
implementation issue. Hence, the Modelica languageotay be regarded to be safe if

the tool unconditionally detects all errors and terminates the computation with an error
message.

5.1.2 Subtyping

Subtyping is a fundamental language concept used in most modern programming lan-
guages. It means that if a tygehas all the properties of another tyfe then.S can

be safely used in all contexts where typds expected. This view of subtyping is often
calledthe principle of safe substitutidi24]. In this cases is said to be a subtype @f,

which is written as

S<:T (5.1)

This relation can be described using the following important type rule calleditbef
subsumption
I'Ht: S S<:T
r=t:T

(t-sub)
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The rule states that i§ <: 7', then everyterm* ¢ of type S is also a term of typd".
This shows a special form @olymorphismwhich we will further explore in Section 5.2.

5.1.3 Inheritance

Inheritances a fundamental language concept found in basically all class ifdt-
Oriented (OO)languages. From an existinttase classa newsubclassan be created
by extendingfrom the base class, resulting in the subclageriting all properties from
the base class. One of the main purposes with inheritance is to save programming and
maintenance efforts of duplicating and reading duplicates of code. Inheritance can in
principle be seen as an implicit code duplication which in some circumstances implies
that the subclass becomes a subtype of the type of the base class.

Figure 5.2 shows an examplehere inheritance is used in Modelica.odelcalled
Resi st or extends a base cla3swPi n, which includes two elements for voltage
andi for current. Furthermore, two instancpsandn of connectorPi n are public
elements offTwoPi n. BecauseResi st or extendsTwoPi n, all elements/, i , p and
n are "copied" to clasResi st or. In this case, the type dResi st or will also be a
subtype ofTwoPi n’s type.

connector Pin
Sl . Vol t age v;
flow Sl.Current i;
end Pin;

partial nodel TwoPin
Sl . Vol t age v;

Sl.Current i;
Pin p, n;
equati on

V= p.v - n.v;
0 =p.i +n.i;
i =p.i;

end TwoPi n;

nodel Resi stor

ext ends TwoPi n;

paraneter Sl. Resistance R=100;
equati on

Rxi = v;
end Resi stor;

Figure 5.2: Example of inheritance in Modelica, where a new subdRess st or
is created by extending the base clag®Pi n.

1The wordtermis commonly used in the literature as an interchangeable name for expression.
2These classes are available in the Modelica Standard Library 2.2, but are slightly modified for reasons of
readability.
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However, a common misunderstanding is that subtyping anditahee is the same con-
cept [99]. A simple informal distinction is to say that "subtyping is a relation on in-
terfaces", but "inheritance is a relation on implementations”. In the resistor example,
not only the public elements, i , p andn will be part of classResi st or, but also

the meaning of this class, i.e, the equations p.v - n.v,0 = p.i + n.i and

i =p.i.

A famous example, originally stated by Snyder [135], illustrates the difference be-
tween subtyping and inheritance. Three comnadistract data typefor storing data
objects arequeue stack anddequeueA queue normally has two operationgsertand
delete which stores and returns objects iffirgt-in-first-out (FIFO)manner. A stack has
the same operations, but is usindgat-in-first out (LIFO)principle. A dequeue can op-
erate as both a stack and a queue, and is normally implemented as a list, which allows
inserts and removals at both the front and the end of the list.

Figure 5.3 shows two C++ classes modeling the properties of a dequeue and a stack.
Because the claf3equeue implements the properties also needed for a stack, it seems
natural to create a subclaSsack that inherits the implementation froBequeue. In
C++, it is possible to use so callgntivate inheritancéo model inheritance with aax-
clude operatioyi.e., to inherit some, but not all properties of a base class. In the example,
the public methodsnsFr ont ,del Front ,anddel Rear in classDequeue are inher-
ited to be private in the subclaSs ack. However, by adding new methodssFr ont
anddel Front in classSt ack, we have created a subclass, which has the property of a
stack by excluding the methatkel Rear . St ack is obviously a subclass @equeue,

cl ass Dequeue{
public:

void insFront(int e);
int del Front();

int del Rear();

b

class Stack : private Dequeue{
public:
void insFront(int e)
{Dequeue: :insFront(e);}
int del Front ()
{return Dequeue::del Front();}

}s

Figure 5.3: C++ example, where inheritance does not imply a subtype relationship.

but is it a subtype? The answer is no because an instar@teaafk cannot be safely used
whenDequeue is expected. In fact, the opposite is true, iRegueue is a subtype of

St ack and not the other way around. However, in the following section we will see that
C++ does not treat such a subtype relationship as valid, but the type system of Modelica
would do so.
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5.1.4 Structural and Nominal Type Systems

During type checking, regardless if it takes place at compile-time or runtime, the type
checking algorithm must control the relations between types to see if they are correct or
not. Two of the most fundamental relations atétypingandtype equivalence

Checking of type equivalence is the single most common operation during type check-
ing. For example, in Modelica it is required that the left and right side of the equality in
an equation have the same type, which is shown in the following type rule.

I'ke : T I'kes:

L (tequ)
I'kFei=es: Unit

Note that type equivalence has nothing to do with equivalence of values, e.g., equation
4 = 10 istype correct because integers 4 and 10 are type equivalent. However, this is of
course not a valid equation because the values on the right and left side are not the same.
The Unit type (not to confuse with physical units), shown as the resulting type of the
equation, is often used as a type for uninteresting result values.
A closely related concept to type equivalenceyige declarationi.e., when a type
is declared as a specifiameor identifier. For example, the following Modelica record
declaration

record Person
String nang;
I nt eger age,;

end Person;

declares a type with nanfeer son. Some languages would treat this as a new unique
type that is not equal to any other type. This is callgiquetype declaration. In other
languages, this declaration would simply mean that an alternative name is given to this
type. However, the type can also be expressed by other names or without any name. This
latter concept is commonly referred tigansparentype declaration.

In a purenominal type systeimypes are compared (subtyping and type equivalence)
by using thenamesof the declared types, i.e., opaque type declarations are used. Type
equivalence is controlled by checking that the same declared name is used. Furthermore,
the subtype relation in OO languages is checked by validating the inheritance order be-
tween classes. The C++ language is mainly using a nominal type system, even if parts of
the language does not obey the strict nominal structure.

Consider the listing in Figure 5.4, which illustrates a C++ model similar to the resis-
tor example earlier given as Modelica code in Figure 5.2. In this d?es®j, st or is a
subclass ofwoPi n and the type oResi st or is therefore also a subtype ®wPi n’s
type. However, the type dfnduct or is not a subtype to the type @woPi n because
I nduct or does not inherit fronrTwoPi n. Moreover,Resi st or 2 is not type equiv-
alent toResi st or even if they have the same structure and inherit from the same base
class because they are opaquely declared.

In a structural type systerfil24], declarations are introducing new names for type
expressions, but no new types are created. Type equivalence and subtype relationship is
only decided depending on the structure of the type, not the naming.

The Modelica language is inspired by the type system described by Abadi and Cardelli
[2] and is using transparent type declarations, i.e., Modelica has a structural type system.
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cl ass Pin{
public:
float v, i;

b

cl ass TwoPi n{

public:

TwoPin() : v(0),i(0){};
float v, i;

Pin p, n;

1

class Resistor : public TwoPi n{
public:

Resistor() : r(100) {};

float r;

s

class Resistor2 : public TwoPin{
public:

Resistor2() : r(200) {};

float r;

s

cl ass I nductor{
public:
Inductor() : v(0),i(0){};
float v, i;
Pin p, n;
const float L;

}s

Figure 5.4: Resi st or inheritance example in C++.

Consider theResi st or example given in Figure 5.2 and the two complementary mod-
elsl nduct or andResi st or 2 in Figure 5.5. Here, the same relations hold between
TwoPi n andResi st or, i.e., the type oResi st or is a subtype offwoPi n’s type.
The same holds betwedwoPi n andResi st or 2. However, nowResi st or and
Resi st or 2 are type equivalent because they have the same structure and naming of
their public elements. Furthermore, the typel efduct or is now a valid subtype of
TwoPi n’s type becausénduct or contains all public elements (type and name) of the
ones available iTwoPi n.

It is important to stress thafassesandtypesin a structural type system an®t the
same thing, which also holds for Modelica. The type of a class represents the interface of
the class relevant to the language’s type rules. The type does not include implementation
details, such as equations and algorithms.

Note that a nominal type system is more restrictive than a structural type system,
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nodel Resistor2

ext ends TwoPi n;

paraneter Sl. Resistance R=200;
equati on

Rxi = v;
end Resi stor;

nodel | nductor

Pin p, n;

Sl . Vol t age v;

SI.Current i;

paraneter Sl.Inductance L=1;
equation

Lxder (i) = v;
end | nduct or;

Figure 5.5: Complementary nduct or andResi st or 2 models to the example
in Figure 5.2.

i.e., two types that have a structured subtype relation can always have a subtype relation
by names (if the language’s semantics allows it). However, the opposite is not always
true. Recall théequeue example listed in Figure 5.3. The claSsack has a subclass
relation toDequeue, but a subtype relation cannot be enforced, due to the structure of
the class. The converse could be true, but the type system of C++ would not allow it
because it is nominal and subtype relationships are based on names. Hence, a structural
type system can be seen as mexpressivandflexible compared to a nominal one, even

if both gives the same level of language type safety.

5.2 Polymorphism

A type system can bemonomorphidn which each value can belong to at most one type. A
type system, as illustrated in Figure 5.1, consisting of the distinct types function, integer,
real, and boolean is a monomorphic type system. Converselgdfyanorphictype sys-

tem, each value can belong to many different types. Languages supporting polymorphism
are in general more expressive compared to languages only supporting monomorphic
types. The concept of polymorphism can be handled in various forms and have different
naming depending on the paradigm where it is used. Following John C. Mitchell’s cate-
gorization, polymorphism can be divided into the following three main categories [99]:

e Subtype Polymorphism
e Parametric Polymorphism

e Ad-hoc Polymorphism
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There are other similar categorizations, such as given bydltaehd Wegner’s [33],
where the ad-hoc category is divided irtwerloadingand coercionat the top level of
categories.

5.2.1 Subtype Polymorphism

Subtyping is an obvious way that gives polymorphic behavior in a language. For example,
an instance oResi st or can be represented both a$woPi n type and a&Resi st or

type. This statement can also be shown according to the rule of subsumption (t-sub)
described in Section 5.1.2.

When a value is changed from one type to some supertype, it is said toupecast
Up-casts can be viewed as a formatifstractioror information hiding where parts of the
value becomes invisible to the context. For example, an up-castResnst or 's type
to TwoPi n’s type hides the parametBr Up-casts are always type safe, i.e., the runtime
behavior cannot change due to the upcast.

However, for subtype polymorphism to be useful, typically types should be possible
to down-casti.e., to change to a subtype of a type’s value. Consider fun&ian

function Foo
i nput TwoPin x;
out put TwoPi n vy;
end Foo;

where we assume that down-casting is allotveldiis in this case valid to pass either a
value of typeTwoPi n (type equivalence) or a subtype to the typ&@abPi n. Regardless

if a value of TwoPi n’s or | nduct or ’s type is sent as input to the function, a value of
TwoPi n’s type will be returned. Itis not possible for the static type system to know if this
isaTwoPi n, Resi st or oral nduct or type. However, for the user of the function, it
might be crucial to handle it as amduct or , which is why a down-cast is necessary.

Down-casting is however not a safe operation because it might cast down to the wrong
subtype. In Java [65], before version 1.5 whgenericswere introduced, this safety
issue could only be handled using dynamic checks and raising dynamic exceptions if an
illegal down-cast was made. Subtype polymorphism is sometimes called "poor-man’s
polymorphism™ because it enables polymorphic behavior, but the safety of down-casts
must be handled dynamically [124].

The Modelica language supports subtyping as explained previously, but does not have
any operation for down-cast. Because the language does notinclude this unsafe operation,
only a limited form of subtype polymorphism can be used with functions. For example, a
function can operate on a polymorphic type as input, suchnadi n, but it only makes
sense to return values of a type that can be directly used by the caller.

However, subtype polymorphism is more extensively used when reusing and replacing
components in models, i.e., by using thedec! ar e keyword.

3This function type or example is not valid in the current Modelica standard. It is used only for the purpose
of demonstrating subtype polymorphism.
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5.2.2 Parametric Polymorphism

The termparametric polymorphismmeans that functions or classes can hignpe param-
eters to which types otype expressionsan be supplied. The term parametric polymor-
phism is often used in functional language communities, while people related to object-
oriented languages tend to use the tgrenerics

The C++templatemechanism is an example ekplicit parametric polymorphism
where the type parameter must be explicitly declared. Consider for example Figure 5.6,
where a template functiewap is implemented. The type parametemust be explicitly
stated when declaring the function. However, the type argument is not needed when call-
ing the function, e.g., bothnt  x, y; swap(x,y); andfloat i,j; swap(i,j)
are valid uses of the function.

t enpl at e<t ypenane T>
voi d swap(T& x, T& y){

Ttnp = x;
X =Y;
y = tnp;

}

Figure 5.6: Explicit parametric polymorphism in C++.

Standard ML on the other hand is making uséablicit parametric polymorphismvhere
the type parameters do not need to be explicitly stated when declaring the function. In-
stead, theype inference algorithrmomputes when type parameters are needed.

A notable difference of parametric and subtype polymorphism s that all type checking
of parametric polymorphism can take place at compile-time and no unsafe down-cast
operation is needed.

Standard ML and and C++ are internally handling parametric polymorphism quite
differently. In C++ templates, instantiation to compiled code of a function is done at
link time. If for example functiorswap is called both using nt andf | oat , different
code for implementations and calls of the function is generated for the two function calls.
Standard ML on the other hand is usinguaiform data representatiowhere all data
objects are represented internally as pointers/references to objects. Therefore, there is no
need to create different copies of code for different types of arguments.

Modelica can be seen to support a variant of parametric polymorphism, by using the
redeclareconstruct on class declarations.

5.2.3 Ad-hoc Polymorphism

In parametric polymorphism the purpose is to declare one implementation that can be
used with different types of argument®Ad-hoc polymorphismby contrast, allows a
polymorphic value to be used differently depending on which type the value is viewed to
have.

There are several language concepts that fall under the concept of ad-hoc polymor-
phism [33], whereOverloadingand Coercionare most notable. Other related concepts



66 5 Types in the Modelica Language

that also fall under this category are Javarsst anceO concept and different form of
pattern matchin§l24].

Overloading

A symbol isoverloadedf it has two or more meanings, which are distinguished by using
types. Thatis, a single function symbol or identifier is associated with several implemen-
tations.

An example of overloading that exists in many programming languageséegator
overloadingfor built in types. For example, the symbelis using infix notation and has
two operands associated with it. The type of these operands decides how the operation
should be carried out, i.e., which implementation should be used.

Overloading can take place at either compile-time or at runtime. Overloading used at
runtime is often referred to adynamic lookup[99], dynamic dispatctor multi-method
dispatch In most cases, the single term overloading refers to static overloading taking
place at compile-time. The distinction becomes of course vague, if the languageris
pretedand not compiled.

Another form of overloading available in some languages is user-definedion
overloading where a function identifier can represent several implementations for dif-
ferent type arguments. Modelica is currently not supporting any form of user defined
overloading.

Coercion

Another form of ad-hoc polymorphism &oercionor implicit type conversiopwhich is
runtime conversion between types, typically performed by code automatically inserted by
the compiler. The distinction between overloading and type coercion is not always clear,
and the two concepts are strongly related. Consider the following four expressions of
multiplication [33]:

7 * 9 /1l nteger * Integer
6.0 » 9.1 //Real * Real

6 * 5.2 //Integer * Real
6.0 » 8 // Real * Integer

All four of these expressions are valid Modelica expressions, but they can in the context
of coercion and overloading be interpreted in three different ways:

e The multiplication operator is overloaded four times, one for each of the four ex-
pressions.

e The operator is overloaded twice; one for each of the the first two expressions. If
the arguments have different types, i.e., onBasal and the other onkent eger
type coercion is first performed to convert the argumenietal .

e Arguments are always implicitly converted Real , and the operator is only de-
fined forReal s.
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Type conversions can also be maglicit, i.e., code is inserted manually by the pro-
grammer that converts the expression to the correct type.

In Modelica, implicit type conversion is used when converting frbnt eger to
Real . Of the three different cases listed above, the second one applies to the current
Modelica 3.2 standard.

5.3 Modelica Types

In the previous sections we described different aspects of types for various languages. In
this section we will present a concrete syntax for describing Modelica types, followed by
rules stating legal type expressions for the language.

The current Modelica language specification [104] specifies a formal syntax of the
language, but the semantics including the type system are given informally using plain
English. There is no explicit definition of the type system, but an implicit description
can be derived by reading the text describing relations between types and classes in the
Modelica specification. This kind of implicit specification makes the actual specification
open for interpretation, which may result in incompatible compilers; both between each
other, but also to the specification itself. Our work in this section should be seen as a first
step to formalize what a type in Modelica actually is. Previous work has been performed
to formally specify the semantics of the language [85]. The formal specification of the
semantics includes the meaning of a Modelica type. However, the earlier work was not as
precise as a distinction between class type and object type was not made.

Why is it then so important to have a precise definition of the types in a language? As
we have described earlier, a type can be seen as an interface to a class or an object. The
concept of interfaces forms the basis for the widely accepted approach of sepspaiing
ification from implementatiopwhich is particularly important in large scale development
projects. To put it in a Modelica modeling context, let us consider a modeling project of
a car, where different modeling teams are working on the wheels, gearbox and the en-
gine. Each team has committed to provide a set of specific attributes for their component,
which specifies the interface. The contract between the teams is not violated, as long
as the individual teams are following this commitment of interface (the specification) by
adding / removing equations (the implementation). Because the types state the interfaces
in a language with a structural type system, such as Modelica, it is obviously decisive that
they have a precise definition.

Our aim here is to define a precise notation of types for a subset of the Modelica
language, which can then further be extended to the whole language. Because the Mod-
elica language specification is open for interpretation, the presented type definition is our
interpretation of the specification.

5.3.1 Class Types and Object Types

Now, let us study the types of some concrete Modelica models. Consider the following
modelB, which is rather uninteresting from a physical point of view, but demonstrates
some key concepts regarding types.
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nodel B
paraneter Real s=-0.5;
connector C

fl ow Real p;
Real q;
end C

protect ed
Real x(start=1);

equati on
der (x) = sxX;

end B;

What is the type of modeB? Furthermore, iB was used and instantiated as a com-
ponent in another model, e.@, b; , what would the resulting type for elememtbe?
Would the type foB andb be the same? The answer to the last question is definitely no.
Consider the following listing, which illustrates the type of moBel

nodel classtype //C ass type of nodel B
public parameter Real objtype s;
public connector classtype

fl ow Real objtype p;
nonfl ow Real objtype q;
end C
protected Real objtype x;
end

This type listing follows the grammar syntax listed in Figure 5.7. The first thing to
notice is that the name of modgls notvisible in the type. Recall that Modelica is using a
structural type system, where the types are determined by the structure and not the names,
i.e., the type of modeB has nothing to do with the nani However, the names of the
elementsn a type are part of the type, as we can see for pararaeded variable.

The second thing to observe is that the equation part of the model is missing in the
type definition. The reason for this is that equations and algorithms are part of the imple-
mentation and not the model interface. Moreover, all elemen@andx are preserved
in the type, but the keywordsodel , connect or and basic typdreal are followed
by new keywords| asst ype or obj t ype. This is one of the most important obser-
vations to make regarding types in a class based system using structural subtyping and
type equivalence. As we can see in the example, the type of nBadel class typebut
parametes is anobject type Simply stated: A class type is the type of one of Modelica’s
restricted classes, suchm@sdel , connect or, r ecor d etc., but arobject typeis the
type of an instance of a class, i.e., an object. Now, the following shows the object type of
b, whereb represents an instance of moékel
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nodel objtype //Object type of b
paraneter Real objtype s;
end

Obviously, both the type of connectGrand variablex have been removed from the
type ofb. The reason is that an object is a runtime entity, where neither local classes
(connectol) nor protected elements (varialxpare accessible from outside the instance.
However, note that this is not the same as that variallees not exist in a instance Bf
it only means that it is not visible to the outside world.

Now, the following basic distinctions can be made betwekss typesand object
types

e Classes can inherit (using extends) from class types, i.e., the type that is bound to
the name used in aaxt ends clause must be a class type and not an object type.

e Class types can contain both object types and class types, but object types can only
hold other object types.

e Class types can contain types of protected elements; object types cannot.

e Class types are used for compile time evaluation, such as inheritance and redecla-
rations.

Let us now take a closer look at the grammar listed in Figure 5.7. The root non-terminal
of the grammar igype, which can form a class or object type of the restricted classes
or the built in typesReal , | nt eger, Bool ean, Stri ng, orenunerati on. The
grammar is given using a variant &ktended Backus-Naur For(EBNF), where terms
enclosed in brackets} denote zero, one or more repetitions. Keywords appearing in the
concrete syntax are given in bold font. All prefixes, sucpail i c,fl ow, out er etc.

can be given infinitely many times. The correct use of these prefixes is not enforced by
the grammar, and must therefore be handled later in the semantic analysis. We will give
guidelines for default prefixes and restrictions of the use of prefixes in the next subsection.

Now, let us introduce another mod&|which extends mode:

nodel A
extends B(s=4);
C c1;
equation
cl.g = -10+der(x);
end A;

The question is now what the type of modeis and if it is instantiated to an object,
i.e.,A a;,whatis then the type af? The following shows the type of model
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nodel classtype //C ass type of A
public parameter Real objtype s;
public connector classtype

fl ow Real objtype p;
nonfl ow Real objtype q;
end C
publ i c connector objtype
fl ow Real objtype p;
nonfl ow Real objtype q;
end cl;
protected Real objtype x;
end

First of all, we see that the type of modebtoes not include angxt ends keyword
referring to the inherited mod@®. Because Modelica has a structural type system, it is
the structure that is interesting, and thus a type only contains the collapsed structure of

type == (nodel |record |connector |
bl ock | function|package)
kindoftype
{{prefiz} type identifier ; } end
| (Real |Integer |Bool ean |
St ri ng) kindoftype
| enuneration kindoftype

enumlist
kindoftype == cl asstype|objtype
prefiz == access | causality |

Sflowprefix | modi fiability |

variability | outerinner

enumlist = ( identifier {, identifier})
access == public|protected
causality == input |output |
i nput out put
flowprefixz == flow|nonfl ow
modifiability = replaceabl e|nodifiable|
final
variability = constant |paraneter |

di screte |continuous
outerinner = outer |inner |
not out eri nner

Figure 5.7: Concrete syntax of partial Modelica types.
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inherited elements. Furthermore, we can see that the prdtelements fronB are still
available, i.e., inheritance preserves the protected element after inheritance. Moreover,
because modée\ contains an instance of connect@rthis is now available as an object
type for element1 in the class type oA. Finally, consider the type of an instanaef

classA:

nodel objtype //Ohject type of a
paranet er Real objtype s;
connect or objtype

fl ow Real objtype p;
nonfl ow Real objtype q;
end cl;

end

The protected element is now gone, along with the elements representing class types.
A careful reader might have noticed that each type definition ends without a semi-colon,
but elements defined inside a type suclhmadel cl asst ype ends with a semi-colon.
A closer look at the grammar should make it clear that types themselves do not have
names, but when part of an element definition, the type is followed by a name and a semi-
colon. If type expressions were to be ended with a semi-colon, this recursive form of
defining concrete types would not be possible.

5.3.2 Prefixes in Types

Elements of a Modelica class can be prefixed with different notations, syzhhkds c,

out er orrepl aceabl e. We do not intend to describe the semantics of these prefixes
here, instead we refer to the specification [102] and to the more accessible description
by Fritzson [51]. Most of the Modelica language’s prefixes have been introduced in the
grammar in Figure 5.7. However, not all prefixes are allowed or have any semantic mean-
ing in all contexts.

In this subsection, we present a partial definition of when different prefixes are allowed
to appear in a type. In currently available tools for Modelica, such as Dymola [45] and
OpenModelica [52], the enforcement of these restrictions is sparse. The reason for this
can both be the difficulties to extract this information from the specification and the fact
that the rules for the type prefixes are very complex.

In Figure 5.8 several abbreviations are listed. The lower case abbreviations'
etc. define sets of prefixes. The uppercase abbreviafibon® etc. together with a
subscription ofc for class type and for object type, represents the type of an element
part of another type. For exampld.. is a model class type, an@, is a record object
type.

Now, consider the rules for allowed prefixes of elements shown in the tables given in
Figure 5.9, Figure 5.10, and Figure 5.11.

In Figure 5.9 the intersection between the column (the type of an element) and the
row (the type that contains this element) states the allowed prefixes for this particular
element. This table shows which prefixes are allowed for a class type that is part of
another class type. For example, recall the connéetormodelA. When looking at the
type of A, we have a class type (the model class type) that contains another class type (the
connector class type), i.e., the allowed prefixes are given in the intersection of row 1 and
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M= nodel
= record

C = connector
= bl ock
= function

P = package
= I nteger, Bool ean,
enuneration, String
Real
= {public, protected} Access
{public}
= {input, out put, Causality
i nput out put }
= {input, output}
{f I ow, nonf | ow} Flowprefix
{repl aceabl e, Modifiability
nodi fi abl e, final}
! {modi fiabl e, final }
{const ant, par anet er Variability
di screte, conti nuous}
{const ant , par anet er
di screte}
{constant }
o = {outer, inner, Outerinner
not out eri nner}

~
\

o o e
I

3o
|

< 3
(I

S
I

Figure 5.8: Abbreviation for describing allowed prefixes. Default prefixes are un-
derlined.

M. |R. |C. |B:. |F. |P. |X. |Ye
M. |amo|lamo |amo|amo|amo]|. amo|amo
R.
Ce
B. |amo|lamo |amo|amo|amo|. amol|amo
F. am |. . am |. am |am
P. |am |amv”lam |am |am |a'm |am |am

Figure 5.9: Prefixes allowed for elements of class type (columns) inside a class type
(rows).

column 3. In this casegccesprefixespubl i ¢ andpr ot ect ed, modifiability prefixes
repl aceabl e, nodi fi abl e, andf i nal , andouter/innemprefixesout er , i nner
andnot out er i nner are allowed.

We have introduced a number of new prefixesput out put , not out eri nner,
nonfl ow, nodi fi abl e, andconti nuous. These new prefixes are introduced to
enable a complete type definition, e.g., it should be possible to explicitly specify that a
variable in a connector is not a flow variable by giving@nf | ow prefix. However, for
simplicity, sometimes it is more convenient to leave out some of the prefixes, and instead
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M, |R, C, B, |F, |P, | X, Y,

. |amolacmo |acmo |amolamol|. acmv’o |acmvo
M,
Re mo |. . . . mv'o  |muvo
C. mo |mo . . . m mefvo

. |amo|ac’ mo|lac’ mo|amo|lamol. ac’'mv’o|ac’ muo
B
F, ac'm |. . am |. ac'mv’ |ac'mu
P, amv”|. . . . amv”  |amv”

Figure 5.10: Prefixes allowed for elements of object type (columns) inside a class
type (rows).

M, |R, |C, |Bo |Fo |P, | X, Y,

M, o |em'o|co o |o |. em/v'o [em/vo

R, mio |. . . . m/v'o |m'vo

C, |. m'o |o . . . . cfm'vo
/ / / 17 / /

B, |o |cdo |colo |o |. cm'v'o|d'm'vo

F, c . . . . m/v’ m'v

P,

Figure 5.11: Prefixes allowed for elements of object type (columns) inside an object
type (rows).

use default prefixes. The defined default prefixes are shown underlined in Figure 5.8. If
no underlined prefix exists in a specific set, this implies that the prefix must be explicitly
stated.

Analogously to the description of Figure 5.9, Figure 5.10 shows the allowed prefixes
for elements of object types contained in a class type and Figure 5.11 shows object types
contained in object types. There are no tables given for class types contained in object
types for the simple reason that object types are not allowed to contain class types.

In some of the cells in the tables described above, a dot symbol is shown. This means
that the specific type of element inside a certain type is not allowed. Hence, such a
combination should not be allowed by the compiler at compile-time.

Now, let us observe some general trends between the allowed attributes. First of all,
object types cannot contain class types, which is why there are only 3 tables. Secondly,
access prefixep@bl i c, pr ot ect ed) are only allowed in class types, which is why
Figure 5.11 does not contain any abbreviation Thirdly, ther epl aceabl e prefix
does not make sense in object types because redeclarations may only occur during object
creation or inheritance, i.e., compile-time evaluation. Then when an object exists, the type
information for replaceable is of no interest any more. Finally, we can see that package
class types can hold any other class types, but no other class type can hold package types.

Note that several aspects described here are our design suggestions for simplifying
and making the language more stringent from a type perspective. Currently, there are no
limitations for any class to contain packages in the Modelica specification. Furthermore,
there are no strict distinctions between object- and class types because elaboration and
type checking are not clearly distinguished. Hence, redeclaration of elements in an object
are in fact possible according to the current specification, even if it does not make sense
in a class based type perspective.
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5.3.3 Completeness of the Type Syntax

One might ask if this type definition is complete and includes all aspects of the Modelica
language and the answer to that question is no. There are several aspects, such as arrays,
partial and encapsulated classes, units, constrained types, conditional components and
external functions that are left out on purpose.

The main reason for this work is to pinpoint the main structure of types in Modelica,
not to formulate a complete type definition. As we can see from the previous sections,
the type concept in the language is very complex and hard to define, due to the large
number of exceptions and the informal description of the semantics and type system in
the language specification.

The completeness and correctness of the allowed type prefixes described in the pre-
vious section depend on how the specification is interpreted. However, the notation and
structure of the concrete type syntax should be consistent and is intended to form the basis
for incorporating this improved type concept tighter into the language.

Finally, we would like to stress that defining types of a language should be done in
parallel with the definition of precise semantic and type rules. Because the latter infor-
mation is currently not available, the precise type definition is obviously not possible to
validate.

5.4 Chapter Summary and Conclusions

We have in this chapter given a brief overview of the concept of types and how they relate
to the Modelica language. The first part of the Chapter described types in general, and the
latter sections detailed a syntax definition of how types can be expressed for the Modelica
language.



Over- and Under-Constrained
Systems of Equations

model in an EOO language needs to have the same number of equations as un-

knowns. This chapter describes a novel technique to determine over- and under-
constrained systems of equations in models, based on a concept stalletdiral con-
Straint delta denoted”a. Our approach makes use of static type checking and consists
of a type checking algorithm, which determines if a model is under- or over-constrained
without elaborating its subcomponents. This is essential if separate compilation of com-
ponentsisintroduced in an EOO language. Furthermore, the concept also allows detection
of constraint-errors at the subcomponent level and improves the possibilities of isolating
the source of the errors. We have implemented it for a subset of the Modelica language,
and successfully validated it on several examples. However, the idea is not limited to
Modelica and should be possible to generalize to other EOO languages. The remainder
of this chapter is structured as follows.

e We describe the problem and motivation for determining over- and under-constrained
systems of equations (Section 6.1).

e We introduces a minimal EOO language called Featherweight Modelica (FM), its
syntax and informal description of semantics and type system (Section 6.2).

e We define the concept of structural constraint delta, the algorithms used for con-
straint checking and debugging, and how these concepts fit into the FM language’s
type system (Section 6.3).

e We describe how we validate the approach by making use of a prototype implemen-
tation (Section 6.4).

The work of this chapter was published in 2006 [28]. Later revisions of the Modelica
specification (version 3.0 released in 2007 [103]) included a similar concept with balanced
models.
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6.1 Problem and Motivation

While EOO languages provide attractive advantages, they also present new challenges in
the areas of static analysis, type systems, and debugging. This chapter deals with specific
problems arising with EOO languages in two areas:

e Constraint checking of separately compiled components.

e Error detection and debugging.

The continuous-time behavior of a EOO model is typically described by a DAE. The exis-
tence of a unique solution requires that the number of equations and variables (unknowns)
are equdi. If the number of equations is greater than unknowns, the model is said to be
over-constrainedConversely, if the number of unknowns is greater than equations, it is
under-constrained

Inan EOO model, variables and equations can be specified in different subcomponents
of the model. To find out if a model has the same number of equations as variables, the
model has traditionally been elaborated into a flat system of equations, where the number
of variables and equations can be counted. However, this simple counting approach is
not possible in the general case when one or more components in the model have been
separately compiled.

Figure 6.1 outlines a potential architecture for separate compilation of Modelica mod-
els. Because symbolic transformation always needs to take into account the whole equa-
tion system, it is performed after the linking phase. Consider a simple model of a car,
consisting of axis, gearbox, and an engine. In order to find out if the car model has the
same number of equations as unknowns, we have to translate it into one large system of
equations and count the number of variables and equations in that system. In the simple
case the compiled engine always generate the same set of equations. However, mod-
els can also typically be parameterized with other models (using for example Modelica’s
redecl ar e-construct), resulting in that a separately compiled model can not always
resultin a flat DAE.

Moreover, if a model intended for simulation has not the same number of equations
as variables, itis an error. This can be detected (trivially) after compiling the model into a
system of equations. However, it is non-trival to isolate the fault of the error, i.e., to help
the user to pinpoint where or which components the error is located in. Consider again the
car model discussed above. When the model is compiled (translated into equations), the
user might be presented with an error message such as: “There are 20237 equations and
20235 variables”. Debugging the car model with only this message and a listing of equa-
tions and variables is extremely hard. There exist software tools [45] and methods [29]
that help the user in this process, but they require information of the model’s whole system
of equations, i.e., the tools need the flat hybrid DAE.

1This means that the incidence matrix associated with the system of equations is square, which is a necessary
but not sufficient condition for the equation system to be structurally non-singular.

2In this thesis, we do not make any statement on how to handle the problem of separate compilation. We
will only argue for that our approach can enable static checking of separately compiled models.
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Modelica model Modelica model
Lexer Lexer
Token Tokens
s
Parser Parser
Parse tree Parse tree
Elaborator & Elaborator &
Typechecker Typechecker
Intermediary format Intermediary format
Symbolic
transformer
C code

Executable

Figure 6.1: Separate compilation in Modelica.

To summarize, there are two deficiencies with the current practice in the Modelica com-
pilers before Modelica 3¥that we would like to stress.

1. Complete elaboration of all elements in a model is required to determine if the
model is under- or over-constrained.

2. If the model turns out to be under- or over-constrained, it is very hard to find the
bug because the error is detected at the level of flat system of equations rather than
at a component/model level.

6.2 Featherweight Modelica

Modelica is a large and complex language that includes many concepts such as discrete
simulation, algorithm sections, and functions, which are not central for our purpose. Con-
sequently, we have designed and extracted a subset of the Modelica language, which
models important aspects of the continuous and object-oriented parts of the language. We
call this language Featherweight Modelica (FM). This section will informally present the
language.

3The approach presented in this chapter was published in 2006, i.e., before Modelica 3.0 was released.
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6.2.1 Syntax and Semantics

A model designed in FM can express continuous behavior by using Differential Algebraic
Equations (DAES). Reuse is achieved by ¢x¢ ends andr edecl ar e constructs.

In Figure 6.2 the syntax grammar of FM is listed using a variant of extended Backus-
Naur Form (EBNF). Alternatives are separated using the ’|' symbol, optional arguments
are given using square brackéfs- -|) and the curly bracket§{- - - }) denote that the
enclosed elements can be repeated zero or more times. Terminals are highlighted in bold-
face.

The non-terminatoot gives the starting point of a model definition. The metavariable
M ranges over names of models andver names of instances of modelsranges over
names of connectors amrcver names of instances of connectdis;anges over names
of records and over names of instances of recordsanges over variable names of type
Real . Note that numeric subscripts are used to differentiate between meta-variables. All
bold strings are keywords in the language excepR&al , which is the built in type for
R.

The foundation of the language is tblassconcept, whereodel ,connect or , and
recor d are special forms of classes. By observing the grammar, we can see that only
models are allowed to have connections or to contain elements that can be redeclared or
modified. Connectors are the only classes whose instances can be pamofiact -
equation, whileReal types and ecor d instances can be part of equations. Note that
this can be seen in the grammar by considering the meta-variables.

There are two kinds of prefixesiccessand modifiability. Access prefixes state if an
elementin a model can be defined togaebl i ¢ or pr ot ect ed. The latter is only visi-
ble outside the model by a model extending from the class. The second prefix category is
modifiability, defining how an element can be modified. Declaring an elementreplaceable
makes it possible for a user to redeclare the element. Setting the prefix of an element to
fi nal means that the element can neither be modified nor redeclared. Only models can
be redeclared and onReal s can be modified in FM.

6.2.2 Type-Equivalence and Subtyping

Modelica is using a so callestructural type systerfil24], where the type of a class is
determined by the structure of its components. However, other object-oriented languages,
such as Java, are using primarilypaminal type systeprwhere the name of a declared
class identifies its type.

The Modelica language specification [102] is informally describing the semantics and
type system of the language. From the specification, the following definitiappaf
equivalencecan be extracted:

Definition 6.2.1 (Type Equivalence). Two types T and U are equivalent if T and U
denote the same built-in type, or T and U are types of classes, T and U contain the same
public declaration elements (according to their names), and the elements’ types in T are
equivalent to the corresponding element types in U.

Note that aclassCis not the same as thgpe of classC because the type only represents
the interfaceof the class and not the privateiplementationor semanticpart, such as
equations.
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root == {model | connector | record}
model = nodel M,
{ext ends M, [modification] ; }
{[access] [modi fiability]
(M3 m [modification] |
Cc|Rr|Real z[=lnum]);}
[equat i on {equation; }]

end M ;
connector = connector C; {extends Cs; }
{[fl o] Real z=; }
end C1 ;
record == recordR; {extends Ry; }
{(Rsr|Real z);}
end Ry ;
modi fication = (modification’ {, modification’})
modi fication’ = redecl are M m [modification]
| z=lnum
access == public|protected
modifiability = replaceabl e|nodifiable
| final
equation = connect (ci, c2) |e1=e2
e = e1ter|er-e|errer|erl e

| -e|(e) |lnum|der(z) |z|r
| tine|sin(e)

Figure 6.2: Syntax of Featherweight Modelica.

Besides type equivalence, the Modelica language defines subtyping relationships be-
tween types of classes.

Definition 6.2.2 (Subtyping). For any types S and C, S is a supertype of C and C is

a subtype of S if they are equivalent or if: every public declaration element of S also
exists in C (according to their names) and those element types in S are supertypes of the
corresponding element types in C.

In the following text, we will use the notation & <: S, meaning that the type of class
Cis a subtype of the clas®s type.

Now, consider the three models given in Figure 6.3. According to Definition 6.2.2,
we can see tha® <: A because the public elememisandc that exist inA also exist
in B. We can see thaf extendsA, i.e., Cinherits all components and equations frém
FurthermoreC defines an elemeut, which make<C <: A. In addition because both
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nodel A nodel B nodel C
Real p; Real p; extends A;
Real c; Real c; Real q;

equati on Real q; equation
c = 2; equation q = p*p;
der(p) = -c*p; c =2 end C

end A der(p) = -c*p;

end B;

Figure 6.3: Three different Modelica models.

andChold the same public elements, it can be concluded from Definition 6.2.B trad
Care type equivalent.

Subtyping is a fundamental concept in many programming languages. Generally, it
means that if a typé has all the properties of another typethensS can be safely used in
all contexts where typ#' is expected. This view of subtyping is often call&e principle
of safe substitutiof124]. Now the question arise if this is true for the type system and
examples described above. The main question is what we mesafégubstitutiom the
context of equation-based object-oriented languages. If we count the number of variables
and equations in each of the models in Figure 6.3, we can see that AlodePR variables
and 2 equations, mod#@ has 3 variables and 2 equations and finally mddéias 3
variables and 3 equations. In the current type system of Modelica BoatilC are said
to be safe replacementsAfHowever, in this case we know that replacigith C gives
us a potentially solvable system with 3 variables and 3 equations, but repkawiiily B
results in a under-constrained system with 3 variables and 2 equations, which will not give
a unique solution. Can we after these observations still rdgasla safe replacement of
A? We think not, and will in the next subsections propose a solution.

6.3 The Approach of Structural Constraint Delta

In this section, we will present an approach that addresses the problem of determining
under- and over-constrained components without performing complete elaboration. We
start by giving a definition:

Definition 6.3.1 (Structural Constraint Delta, Ca). Given an arbitrary class C, con-
taining components, equations, and connections, the type of C has a defined integer at-
tribute called structural constraint deltda. This attribute states, for C and all its sub-
components, the integer difference between the total number of defined equations and
variables.

The termstructuralindicates that the equations and variables are counted as they are
declared in the model. For example, two linearly dependent equations in an equation
system will still be counted as two separate equations. Herige= 0 for a system of
equations does not guarantee a unique solution, it will only indicate that a single solution
might exist. IfCa < 0, we have an under-constrained problem with more unknowns
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than equations, which might give an infinite number of soligidhCA > 0, we have an
over-constrained system of equations, which most likely will not give a unique solution.
However, because the algorithm for computifig does not check if equations are lin-
early independent or not, a system with > 0 may be solvable. To be able to guarantee
that a system of equations has a unique solution, complete knowledge of the entire sys-
tem of equation must be available. Because this is obviously not possible when inspecting
components separately, the valug€bf only provides a good indication whether a system

of equations has a unique solution or not.

For example, ilC A is to be calculated for the types of the models given in Figure 6.3,
the difference between the number of equations and variables in the model gives the value
of Ca. Inthis case(Ca = 0 for AandC, butCx = —1 for B. Because our models so
far only contain variables and equations, calculatihgis straightforward. However, if a
model contains hundreds of subcomponents, using connections, connectors, and records,
the resulting flattened system might consist of thousands of equations. To be able to
formulate algorithms for calculatinga, we need another definition:

Definition 6.3.2 (Constraint Delta Effect, EA). Let C be an arbitrary class containing

two elements cl and c2 that are instances of classes C1 and C2, which contain only
elements and no equations or connections. Given an equation or connection E located
in C representing a relation between cl1 and c2, the constraint delta Efferst a type
attribute of both C1 and C2, which states the effect E has when compiitiraf C.

Note thatCa is not the same a&'A. Simply stated, we say thd of two elements
represents the change of the current modegkswhen an equation or connection is intro-
duced between the two elements. For example, if we in mBdelFigure 6.3 introduce

a new equatiorq = 2 * p, this equation will have the effect of changing moé

Ca from —1 to 0. Therefore, involved variables andp, are said to havé&/a = 1 (or

to be precise; the attributes to the types of the elements). However, we will soon see that
elements do not always ha¥g, = 1.

6.3.1 Algorithms for Computing Ca and Ea

In this section, we present algorithms for calculatifig and Ea. Even if the algorithms
for calculating the type attributeSAn and Ea could be stated by using a formal type
system, we have chosen to illustrate the algorithm more informally using pseudo-code
algorithms. The main reasons for this are that the Modelica language itself has currently
no formal semantics or type system and the target audience of this chapter is not only
computer scientists, but also engineers from the modeling and simulation community.

It is important to stress that'a and Ea are defined as attributes to thgpes of
the classes, and not for the classes themselves. This implies that when calculating the
value for a specific class, we do not need to recursively calculdtg and Ea for each
subelement because they are already defined by the type of the efenTrsprocess
of calculatingCa andEa is a form oftype inferencei.e., the type attributes are inferred
from equations given in the class and types of the elements in the class.

4In FM, we have made the assumption that variables are always bound to a value without circular dependen-
cies. Unfortunately cannot this be guaranteed in full Modelica.
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Algorithm 1: ComputeCx of a class

Input: An arbitraryClass
Output: Ca of the class
1 Car 0
2 switch Class do
3 casemodel

4 foreach e € getElements{lass) do

5 Ca «— Ca+ getDeltag)

6 if hasDefaultValue(ethen

7 Ca — Car+1

8 foreachm € getModifiedElementg] do
9 if not hasDefaultValue(rithen

10 Ca «— Car+1

11 foreach e € getEquations(lass) do

12 Ca — Ca+ getEffect(9

13 foreach ¢ € getConnectors{lass) do

14 P,utside — FALSE

15 Pinherited < FALSE

16 if not isVisited(c) then

17 traverseConnectorGraph(c

18 if Pouiside then

19 Ca « Ca+ getOutsideAdjustment]
20 foreach b € getBaseClasseS(ass) do

21 foreach m € getModifiedElement$j do
22 if not hasDefaultValue(rithen

23 Ca — Car+1

24 Cha «— Ca+getDeltad)

25 caserecord

26 foreach e € getElements(iass) do

27 Ca «— Ca+ getDeltag)

28 foreach b € getBaseClasseS(ass) do

29 Ca «— Ca+ getDeltap)

30 caseconnector

31 foreach e € getElements(iass) do

32 if not hasFlowPrefix{) then

33 Ca < Ca+ getDeltag)

34 foreach b € getBaseClasseS(ass) do
35 Ca «— Ca+ getDeltad)

36 casevariable

37 Ca — —1

38 end

The algorithm for computing’a is given in Algorithm 1. This algorithm uses a help
function defined in Algorithm 2. The algorithm for computitg is listed in Algo-
rithm 3. Note that the indentation of the algorithms is significant and delimits blocks for
thef or each,i f, andsw t ch statements.
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Algorithm 2 : traverseConnectorGraph]

Input: Connectore; from which graph traversal starts
Output: Global variablesP, ,tside, Pinnherited, andCa
1 if ((isOutside;) and isInherited¢;)) or ((isOutside: )
2 or islnherited¢:)) and (Poutside OF Pinneritea)) then typeCheckingFailed()
3 else
4 markAsVisited¢; )
5 Poutside + Poutside OF iSOuUtsidet:)
6
7
8
9

P’inhﬁritﬁd — P’inhﬁritﬁd or iSInheritedél)
foreach ¢, € getAdjacencyConnectoks() do
if not isVisited(cz) then
Cha — Ca+ getEffect(getTypeOi())
10 traverseConnectorGraphic

Algorithm 3: ComputeEa of a class

Input: An arbitraryClass
Output: Ea of the class

1 EFa 0

2 switch Class do

3 caserecord

4 foreach e € getElements(lass) do

5 Ea «— Ea+ getEffect(9

6 foreach b € getBaseClasseS(ass) do
7 Ea «— Ea+ getEffect()

8 caseconnector

9 foreach e € getElements{lass) do