HARDWARE-SOFTWARE CO-DESIGN OF EMBEDDED SYSTEMS

HARDWARE-SOFTWARE CO-DESIGN OF EMBEDDED SYSTEMS

Felice BALARIN, Ellen SENTOVICH Cadence Berkeley Labs of Cadence Design Systems Berkeley, California, USA

Massimiliano CHIODO, Paolo GIUSTO Alta Group of Cadence Design Systems Sunnyvale, California, USA

Harry HSIEH, Bassam TABBARA, Alberto SANGIOVANNI-VINCENTELLI University of California Berkeley Berkeley, California, USA

Attila JURECSKA Magneti Marelli, Divisione Elettronica Venaria Reale, Torino, Italy

Luciano LAVAGNO, Claudio PASSERONE Politecnico di Torino Torino, Italy

Kei SUZUKI Central Research Laboratory, Hitachi Ltd. Tokyo, Japan

KLUWER ACADEMIC PUBLISHERS

Boston/Dordrecht/London

CONTENTS

LIST OF FIGURES v

LIST OF TABLES x

PREFACE xi

1 INTRODUCTION 1 1.1 The Importance of Embedded Systems 1 1.2 Design of Embedded Systems 3 1.3 The POLIS System 10 1.4 Book Organization 34

2 MODELS AND REPRESENTATIONS 35 2.1 Co-design models and languages 36 2.2 CFSMs: Intuitive Semantics 45 2.3 CFSMs: Mathematical Model 63 2.4 CFSMs: Modeling Data Flow 73 2.5 The SHIFT Format 76 2.6 Speciőcation: Synchronous Languages 82 2.7 Overview of the ESTEREL language 88 2.8 Speciőcation: Graphical FSMs 93 2.9 Modeling Software CFSMs 107 2.10 Software Cost Model 112 2.11 Processor Characterization Model 117

3 SYNTHESIS 125 3.1 Partitioning and Architecture Selection 125 i

3.2 Software Synthesis 126 3.3 Software Cost Estimation 142 3.4 Hardware Synthesis 149

4 INTERFACE SYNTHESIS AND THE REAL-TIME

OPERATING SYSTEM 157 4.1 Interface synthesis 157 4.2 Real-Time Operating System Synthesis 160 4.3 Network-Speciőc Parts: Interfacing Hardware and Software 162 4.4 Target-Speciőc Parts: Creating an Abstraction 172 4.5 Scheduling-Speciőc Parts: Coordinating sw-CFSMs 183 4.6 Common Parts: Filling the Gaps 191 4.7 Schedule Validation 191

5 VERIFICATION 199 5.1 Rapid Prototyping 201 5.2 Simulation 204 5.3 Co-simulation using the PTOLEMY environment 206 5.4 Simulation as partitioning support 223 5.5 High-level Co-simulation using VHDL 228 5.6 Formal Veriőcation 233

6 INTERFACING TO EXTERNAL HARDWARE AND SOFTWARE 247 6.1 External Hardware 248 6.2 External Software 249 6.3 Interfacing to an External RTOS 250

7 DESIGN EXAMPLES 255 7.1 A Dashboard Controller 255 7.2 An Automotive Bus Controller 261 7.3 A Shock Absorber Controller 267

8 CONCLUSIONS AND FUTURE WORK 273

A GLOSSARY 275

Contents iii

B THE SYNTAX OF SHIFT 281 INDEX 285 REFERENCES 291

PREFACE

This book presents the results of a research activity that has been carried out since 1988 and that has grown from a sketchy idea to a full blown design methodology and software system supporting it. The meeting that originated the POLIS project was an exchange of ideas with Magneti Marelli Divisione Elettronica; it was held in the ofőce of the President and General Manager of the Division, Dr. Daniele Pecchini, in June of 1988.

Magneti Marelli is the second largest European producer of automotive electronic subsystems with world-wide clients including Fiat, Mercedes-Benz, Volkswagen, Renault, and Rover. The electronic subsystems designed at Magneti Marelli contain a sizable software component running on micro-controllers and hardware components ranging from analog ASICs to mechanical and chemical sensors and actuators. The products are designed to speciőcations given by automotive companies that include emissions, fuel consumption, safety, and driveability.^1 The speciőcations were often vague and given to a larger or lesser extent at all levels of abstraction of the design. Sometimes speciőcations included detailed architectural choices such as the micro-controllers and the sensors to be used in the product itself, thus leaving a limited freedom to the subsystem designers to exercise their fantasy and expertise.

Dr. Pecchini discussed the key problems and challenges for his company, among which are:

the difőculty in implementing a set of informal speciőcations to clients’ satisfaction;

the problem of chasing a set of speciőcations that continuously changed due to the natural evolution of the mechanical project of the car;

the software design problem, and in particular:

1Driveability is a łfuzzyž concept related to the łfeelž of the car when it is driven on the road.

xi ś the debugging problem made extremely difőcult by the exclusive use of assembly language;

ś the use of hand-written real-time kernels, and the consequent difőculty in verifying the timing properties of the software system;

ś the limited amount of computing and memory resources.

the design methodology, and in particular:

ś little or no use of simulation and extensive use of bread-boarding as a veriőcation tool;

ś hand-layout of the hardware system;

ś hardware and software designed independently and integrated at the last minute;

ś new designs obtained by layering over existing designs in an attempt to keep working parts of previous designs intact;

ś lack of back annotation from the physical implementation of the system to the functional description.

Dr. Pecchini argued that to solve at least some of the problems listed above a new approach was needed and that only with substantial research could this goal be achieved. After a very intense brainstorming session, we laid out a research path that eventually led to POLIS. The research was initially funded by Magneti Marelli who joined the Berkeley MicroAfőliate (BMA) program, and allocated internal resources to monitor and to participate directly in the research activity. Massimiliano Chiodo, at that time working for Magneti Marelli, was the őrst Magneti Marelli Industrial Fellow to visit the Department of Electrical Engineering and Computer Science of the University of California at Berkeley under the BMA program. He started his research at Berkeley in 1990 by focusing on the problem of formal speciőcation and veriőcation. Shortly after, it was clear that to address some of the concerns expressed by Dr. Pecchini, a formal model of computation for the embedded systems of interest had to be chosen. Luciano Lavagno, then a graduate student, joined us in the research project and started investigating the formal model problem with Chiodo and with two other Marelli engineers, Attila Jurecska and Paolo Giusto. Since most of the applications to be considered were control-dominated, the choice of an extended form of Communicating Finite State Machines, the Co-design FSMs, was made and the foundations of POLIS were established. Lavagno then became the key architect of the POLIS system. The project picked up momentum, and by late 1993 the newly formed Cadence Berkeley Laboratories committed to being a major player in the development of the

Preface xiii

methodology and of the software tools incorporating it. The Semiconductor Research Corporation supported part of the research by providing funding for graduate students. Hitachi and Daimler-Benz became involved in the research project providing the software estimation techniques and a challenging application respectively. In 1995 CSELT of Turin became involved in the application of the POLIS ideas to the communication and multi-media domains: the design of an ATM component and the analysis of the MPEG 4 proposed standards.

By late 1995, two key events shaped the future of POLIS. Jim Rowson of the Alta Group became a strong promoter of our research, provided technical advice, and architected a plan to develop an industrial version of the POLIS system. Nino Damiano of Magneti Marelli visited Berkeley and provided important feedback to make the POLIS system usable in an industrial environment. He was instrumental in the development of real-time scheduling policies and laid out a precise project timeline.

By mid 1996, the system was demonstrated at the Design Automation Conference on a real dashboard product. The system was linked to a rapid prototyping board provided by Aptix showing a complete path from concept to implementation for a complex automotive design. At the same time, the POLIS system was being considered for adoption at higher levels of system design: the design of a complete Engine Management System.

After the summer of 1996, the system was made available in the public domain at URL

http://www-cad.eecs.berkeley.edu/Respep/Research/hsc/abstract.html

(or e-mail address polis-questions@ic.eecs.berkeley.edu). It includes software contributions of the University of California at Berkeley, the Politecnico di Torino, the Cadence Berkeley Labs, Magneti Marelli, and Hitachi. The demand for information about the system and its principles led to the idea of writing a book describing the POLIS system and its foundations.

We are greatly indebted to the people of

Magneti Marelli, and in particular, Dr. Pecchini, Senior Executive Vice President, Dr. Ferrati, General Manager of the Electronic Divisions, Dr. Mortara, General Manager and President of the Engine Control Division, and Nino Damiano, Head of the Software Group of the Electronic Division,

Cadence, and in particular, Patrick Scaglia, Vice-President of Research, Jim Rowson, Fellow, of the Alta Group, and Joe Costello, Chief Executive Ofőcer and President ,

for supporting so strongly our research and without whom this project would not have been possible. We would also like to acknowledge the support of the Consiglio Nazionale delle Ricerche, Programma VIP, SGS-Thomson Micro- Electronics, Daimler-Benz, and Rockwell. Wilsin Gosti, Roberto Passerone, and Marco Sgroi, graduate students of the University of California at Berkeley, Stefano Cardelli, Marcello Lajolo, and Claudio SansoÁe of Politecnico di Torino, Reinhard von Hanxleden of Daimler-Benz, Daniel Engels and Sherman Yee former graduate students of the University of California at Berkeley, participated in the development effort of POLIS.

Rome, March 1, 1997

Alberto Sangiovanni-Vincentelli