Compiling Esterel

Dumitru Potop-Butucaru
Stephen A. Edwards

Gérard Berry

@ Springer



Contents

Preface

I The Esterel Language

1 Introduction to Esterel

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

1.9

2 The
2.1
2.2
2.3
24
2.5

Reactive Systems . . . . . . ... ... ... ...
The Synchronous Hypothesis . . . . . ... ... .......
Implementation Issues . . . . . ... ... .. .........
Causality . ... ... ... .. ... ...
Relatedwork . . .. ... ... .. ... ... ... ... ..
A First Esterel Example . . . . .. .. ... ... .......
Causality Cycles . . . ... ... ... ... ... .......
Code Generation . . . ... .. .. ... ... ... .....
1.8.1 Translation to Explicit State Machines . . . . . . . ..
1.8.2 Translation to Circuits . . . . . ... ... ... ....
1.8.3 Direct CompilationtoCCode .. ...........
Executing the Generated Code . . ... ... .........
1.9.1 Existing Solutions . . . .. ... .. ... ... ...

Esterel Language

Syntax and Naive Semantic Principles . . . . ... ... ...
The Kernel Esterel Language . . . .. ... ... .......
Esterel Through Examples . ... ... ......... ..
Host Language . . .. ... ... ... ... ..........
Program Structure and Interface . ... ... ... .. ....
2.5.1 DataHandling ......................
2.5.2 Signal and Signal Relation Declarations . . ... ...
2.5.3 The run Pseudo-Statement . . ... ..........

xi

vii

© W00 OO U WwW

[
w N N O



xii

CONTENTS

II Formal Semantics

3 Introduction to Esterel Semantics

3.1

3.2
3.3

4.1

4.2

4.3
44
4.5
4.6
4.7

5.1
5.2

5.3
5.4

5.5

5.6
5.7

Intuition and Mathematical Foundations . .. .. ... ..
3.1.1 The Constructive Approach . . . . ... .......
Flavors of Constructive Semantics . . . ... ... ... ..
Conventions and Preliminary Definitions . . . . . . .. . ..
3.3.1 Global Correctness of an Esterel Program . . . . . .
3.3.2 Restriction to Kernel Esterel . . ... ... ... ..
333 SignalEvents . . ... ... ... ..., ...,
3.34 Trap Handling and Completion Codes . . . . . . ..

Constructive Behavioral Semantics
Behavioral Transitions . . . . ... ... .. .........
4.1.1 Transitionsyntax . . . . . ... ... ... ......
4.1.2 States as Decorated Terms . . ... .. .. ... ..
4.13 StateSyntax . .. ... ... ... ... 00
Analysisof Potentials . . ... ................
4.2.1 The Definition of Must, Can, and Can* . . . .. ..
4.2.2 Elementary Properties . . . . . .. ... ... ... ..
SemanticRules . . .. .. ... ... .. .. .........

Determinism . . ... ... ... ... ... .. .. .. ...
Loop-Safe Programs. Completion Code Potentials . . . . .
Program Behavior . ... ...................

Constructive Operational Semantics
Microsteps . . . . . . . . . i e
COSTerms . . . . . v v it e e et e e e e e et e e
5.2.1 Control Flow Propagation . . . . . ... .......
5.2.2 State-Dependent Behavior . . . . ... ... ... ..
5.2.3 Syntax of Semantic Terms . . . . .. .. ... ....
Data Representation . . . . . ... ... ...........
Semantic Rules . . . . ... ... ... ... ... . ...,
5.4.1 Rules for Pure Esterel Primitives . . . . . . ... ..
5.4.2 Rules for Data-Handling Primitives. . . . . . . . ..
Analysis of Potentials . . .. ... .......... . ...
5.5.1 Reduction to Non-Dotted Terms . . .. .. ... ..
5.5.2 Non-Dotted Terms over Dataless Primitives . . . . .

5.5.3 Non-Dotted Terms over Data-Handling Primitives

Behaviors as Sequences of Microsteps . . . .. ... .. ..
COSversusCBS . . . ... .. ... ... ... ...

41
41
43
47
50
50
51
51
51

55
55
55
56
57
58
60
68
68
72
72
73
75




CONTENTS

6 Constructive Circuit Translation

6.1 Digital Circuits with Data . . . ... ... ... S e e
6.1.1 Circuit Semantics. Constructive Causality . . . . . .
6.1.2 Extension to Circuits with Data . . . ... ... ..
6.1.3 Formal Definitions . . . . ... ... .........

6.2 Translation Principles . . . ... ... ... .........
6.2.1 The Selection Circuit . . ...............
6.2.2 The Surface and Depth Circuits . . . . ... .. ..
6.23 The Global Context . ... ... ...........

6.3 TranslationRules . . . . . . ... ... ... .........
6.3.1 Dataless Primitives . . . . .. ... ... .......
6.3.2 Data-Handling Primitives . . . . . ... .. ... ..

6.4 Circuit Translation versus COS . . .. .. ... ... ....

IIT Compiling Esterel

7 Overview

7.1 CompilerClasses . . . . ... ... ... ...,
72 ABriefHistory . . . ... ... ... ... ... ..
7.3 TheINRIACompiler .. ....................
7.4 The Synopsys Compiler . . . .. ... ... .. ........
7.5 The Saxo-RT Compiler. . . . .. ... ... ..........
7.6 The Columbia Esterel Compiler . . . . . . ... ... .....

The GRC Intermediate Format

8.1 Definition and Intuitive Semantics . . ... .. ... ... ..
8.1.1 The Hierarchical State Representation . ... . L.
8.1.2 The Control/Data Flowgraph . . . . .. ... .....
8.1.3 ImplementationIssues . . . ... ... .........

8.2 Esterel to GRC Translation . . ... ..............
8.2.1 Translation Principles . . ... ... ..........
8.2.2 TranslationRules. . . . ... ... ...........
8.2.3 TheGlobal Context . . .................

8.3 Formal Simulation Semantics and Translation Correctness

8.4 Format Optimizations . . ... ... ..............
8.4.1 State Representation Analysis. . . . .. ... .. ...
8.4.2 Flowgraph Optimizations . .. ... ..........

Code Generation from GRC

9.1 Defining “Acyclic” . . ... ... ... .. .. ... ... ...

9.2 Code Generation for Acyclic Specifications . . ... ... ..
9.2.1 State Encoding . . ... .................
9.2.2 Flowgraph Transformations . . .. ... ........
9.23 Scheduling ............. ... .. ... ..

103
104
104
107
110
112
114
115
116
117
117
126
128



Tiv CONTENTS

9.3 Code Generation for Cyclic Specifications . . . ... ... ..
94 Benchmarks . . . ... ... ........ ... ... ...,

10 The Columbia Compiler
10.1 The Dynamic Technique . . . . . . .. ... .. ........
10.1.1 AnExample ... ....................
10.1.2 Sequential Code Generation . . . . ... ... ... ..
10.1.3 The Clustering Algorithm . . . . . ... ... .....
10.2 The Program Dependence Graph Approach . . ... ... ..
10.2.1 Program Dependence Graphs . . . .. ... ......
10.2.2 Scheduling . ................ .. .....
10.2.3 Restructuringthe PDG . ... ... ... .......
10.2.4 Generating Sequential Code . . . . . ... ... ....
10.3 Benchmarks . . . . . ... ... ... ... ... ...

A Language Extensions
Al Signal Expressions . ............... . .......
A.1.1 Syntactic Aspects and Limitations . . . ... ... ..
A.1.2 Combinational Expressions . . .............
A.1.3 ThepreOperator . ... ................
A.1.4 Delay Expressions. Preemption Triggers . . . . . . . .
A.2 Traps and Trap Expressions . . . . .. ... ..........
A.21 Concurrent Traps and Trap Expressions . . . . . . ..
A22 Valued Traps . . ... ... ........ e e
A.3 The finalize Statement . . ... ...............
A4 Tasks . .. . . . . e
A.4.1 Task Synchronization Semantics . ... ... ... ..
A42 Multipleexec . . . . . . .. ... ... oo

B An Esterel Reference Manual
B.1 Lexical Conventions . . . . .. .. ... ... ..o ...
B.1.1 Tokens. . . ... ... ... ... uieeneen..
B.1.2 Comments. . . . . . . . . v v v v i it
B.1.3 Idemtifiers . . .. ... ... ... ... .........
B.1.4 Reserved Words . . ... ................
B.1.5 Literals ... .. ... ... ... ... ... . ....
B.2 Namespaces and Predefined Objects . . . . . ... ... ...
B.2.1 Signalsand Sensors . ..................
B.2.2 Variablesand Constants . . . .. ... .........
B23 Traps . . . . . . . . e
B.24 Types . . ... .. i i e
B.2.5 Functions and Procedures . . . .. ... ........
B26 Tasks . .. .. .. . i e
B3 Expressions . .. ........ .. ... ...,
B.3.1 DataExpressions . . . . .. ... ............




B4

B.5

C The
C.1
C.2

C.3

CONTENTS

B.3.2 Constant Atoms . ... .................
B.3.3 Signal Expressions . . . ... ... .. e e e e
B.3.4 Delay Expressions . . . . ... .............
B.3.5 Trap Expressions . . . . ... ... ...........
Statements . . . . ... . ... .. o
B.4.1 Control Flow Operators . . . . ... ..........
B.42 abort: Strong Preemption. . . .. ... ... .....
B.4.3 await: Strong Preemption. . . . . ... ... .....
B.4.4 call: ProcedureCall .. ... .............
B.4.5 do-upto: Conditional Iteration (deprecated) . . . ..
B.4.6 do-watching: Strong Preemption (deprecated) . . . .
B.4.7 emit: Signal Emission . . . ... ... .........
B.4.8 every-do: Conditional Iteration . .. ... ... ...
B.4.9 exec: Task Execution .. ... ... .. .. AN
B.4.10 exit: Trap Exit . . .. ... .. ... ... ......
B.4.11 halt: Wait Forever. . . . . . . ... ... .......
B.4.12 if: Conditional for Data . .. ... ... .......
B.4.13 loop: Infinite Loop . . . . . . . ... ... ... ...
B.4.14 loop-each: Conditional Iteration . . . . . .. .. ...
B.4.15 nothing: No Operation . . ... ............
B.4.16 pause: Unit Delay . . ... ...............
B.4.17 present: Conditional for Signals . . . ... ... ...
B.4.18 repeat: Iterate a Fixed Number of Times . . . . . . .
B.4.19 run: Module Instantiation . . . . . ... ... .....
B.4.20 signal: Local Signal Declaration . . . . ... .. ...
B.4.21 suspend: Preemption with State Freeze . . . . . . ..
B.4.22 sustain: Emit a Signal Indefinitely . . ... ... ..
B.4.23 trap: Trap Declaration and Handling . .. ... ...
B.4.24 var: Local Variable Declaration. . . . . . ... .. ..
B.4.25 weak abort: Weak Preemption . . . . . .. ... ...
Modules . . . . . . . . .
B.5.1 Interface Declarations . ... ... ...........

C Language Interface

Overview . . . . . .. .. . .. e
C Code for Data Handling . . . . ... .............
C.2.1 Defining Data-handling Objects . . . . . ... ... ..
C.2.2 Predefined Types . . . . . .. ... ... ... .....
C.2.3 User-defined Types . . . .. ... ............
C24 Constants . . . ... ... ... ...
C.25 Functions . . . .. ... ... ... ... ... ...
C.26 Procedures .. ... ....... ... .. ...,
The Reaction Interface . . . . . ... ... ... ........
C3.1 ImputSignals . ... ...................
C3.2 ReturnSignals . .. .. ... ... ...........



Ui CONTENTS

C.3.3
C.34
C.3.5
C.3.6
C3.7

Output Signals . . .. ... ......... e
Inputoutput Signals . . . . ... ............
Sensors . . ... ..
Reactionand Reset . . . . ... ... ... .......
Notes . . ... . . i it e

C4 TaskHandling . .........................

C4.1
C4.2

D Esterel V7

The Low-level Layer: ExecStatus . . . . .. ... ...
The Functional Interface to Tasks . . . ... ... ..

D.1 DataSupport . . . . . . . .. . vt iie

D.1.1
D.1.2
D.1.3
D.14
D.1.5
D.1.6
D.2 Signals
D.2.1
D.2.2
D.2.3
D.24
D.2.5

Basic Data Types . .. ... .. ............
ATrays . . . . o L e e e e e e
Generic Types . . . .. ... ... ... .. ..
Bitvectors . . . . . . .. ... o o oo
From Numbers to Bitvectors and Back . . . . . . . ..
DataUnits . ... ... .................
Value-only Signals . . . ... ..............
Temporary Signals . . . .. ... ... .. .......
Registered Signals . . . . ... ... ... .......
Signal Initialization . ... ... ............
Oracles . .. ... ... ... .. ...

D3 Interfaces . . . . . . . . . . i i e e oL

D.3.1
D.3.2
D.3.3
D.34

Interface Declaration . . . . ... ... .........
Interfaces and Modules . . ... ... .........
Mirroring an Interface . . . ... ... ... ......
Interface Refinement in Modules . . . ... ... ...

D4 Statements . . . . . . . . i i e e e e e e

D4.1
D.4.2
D.4.3
D44
> D45
D.4.6

Expressionsand Tests . . . ... ... .........
Static Replication . . . .. ... .. ... .......
Enhanced Emit and Sustain Statements . . . . . ...
Explicit and Implicit Assertions . . . . ... ... ...
Weak Suspension . . . ... ... .. ... ..
Signal Connection by Module Instantiation . . .. ..

D.5 Multiclock Design . . .. ... ............. ...,

D.5.1
D.5.2

Bibliography

Index

Clocks and Multiple Units . . . . . ... ... .. ...
Simulation of Multiclock Designs by Single-clocked
Designs . ... ..... ... . ... ...




