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Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media



Copyright: A. Sangiovanni-Vincentelli

3

Articulation Points, Research and Business 
Opportunities

Silicon Implementation Platform
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Functional Blocks,
Interconnect

Cycle-speed, 
power, area 

Distributed Systems and Embedded Software

Traditional Flows

Design for Manufacturing
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Challenge: The Changing Face Of The Consumer

Bulky.  Expensive.  
‘Executive Jewelry’

Late 80s to mid 90s

Cooler.  Cheaper.  Faster.
‘Electronic Fashion’

2000s
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Challenge: The Bifurcation of the Market

The Core:
Performance is premium

Power and cost constrained

Relatively long life-time

The Core:
Performance is premium

Power and cost constrained

Relatively long life-time

The Expanding Periphery:
Cost and size are premium

Integration and power are key

“Just enough performance”

Short to very short lifetime

The Expanding Periphery:
Cost and size are premium

Integration and power are key

“Just enough performance”

Short to very short lifetime
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Lots In The Way…

SI IssuesSI IssuesPowerPower

SiPSiP

DelaysDelaysFailureFailure
CausesCauses

ManufacturingManufacturing
EquipmentEquipment

TestTest
EquipmentEquipment
IncreasingIncreasing

# of Design # of Design 
RulesRules

PackagingPackaging
Growing Growing 
analog analog 
contentcontent

0.25µm 0.18µm 0.13µm 90nm
0
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75
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Total  Product 
Development Costs

Lots more to 
do…
Lots more to 
do…

Very little time…Very little time…

Lots more to 
do…
Lots more to 
do…

Very little time…Very little timeVery little time……

R&D $$$R&D $$$R&D $$$

$/product$/product$/product

Dizzying list of 
technology challenges And the need for yield



Copyright: A. Sangiovanni-Vincentelli

7

Opportunity: Electronic Systems Design Chain

Interfaces

Fabrics

Manufacturing

Implementation

System Design

IP

Design Science
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ABS: Antilock Brake System
ACC: Adaptive Cruise Control
BCM: Body Control Module
DoD: Displacement On Demand
ECS: Electronics, Controls, and Software

EGR: Exhaust Gas Recirculation.
GDI: Gas Direct Injection
OBD: Onboard Diagnostics
TCC: Torque Converter Clutch
PT: Powertrain
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-More functions & features
-Less hardware
-Faster

Forefront of Innovation

Vehicle Integration

System Connection

Subsystem Controls & Features

Potential inflection 
point. Now! Hybrid PT Hybrid PT 

Electric IgnitionElectric Ignition

ACCACC

Rear Vision Rear Vision 

Passive Entry Passive Entry 

Side AirbagsSide Airbags

Fuel CellFuel Cell

Wheel Motor Wheel Motor 

……

OnStarOnStar

OBD IIOBD II

HI Spd DataHI Spd Data

Rear aud/vidRear aud/vid

CDsCDs

BCMBCM

ABSABS

TCCTCC

EGREGR

Electric FanElectric Fan

Head AirbagsHead Airbags......

Electric BrakeElectric Brake

DoDDoD

GDIGDI

……

……

……

…………

……

1970s 1980s 1990s 2000s 2010s 2020s

Electronics, Controls & Software 
Shifting the Basis of Competition in Vehicles
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Automotive Industry
Three Levels of Players

Source: Public financials, Gartner 2005

• 2005 revenue $17.4B

• CAGR 10% (2004-2010)

IC Vendors
~15% of revenue 
from automotive

• 2004 Revenue ~$200B

• CAGR 5.4% (2004-2010)

Tier 1 Suppliers
90%+ of revenue 
from automotive

Automakers
• 2005 Revenue: $1.1T

• CAGR 2.8% (2004-2010)
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The Design Chain for Cellular Phones
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How Safe is Our Real-Time Software?

Source: E. Lee
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Software Bugs Cost $59.5 Billion A Year

Software bugs cost $59.5 
billion a year, study says

INFOWORLD, JUNE 28, 2002 – BY PAUL KRILL

Software bugs cost the U.S. economy an 
estimated $59.5 billion per year, or 0.6 
percent of the gross domestic product, 
according to a newly released study by 
the U.S. Department of Commerce 
National Institute of Standards and 
Technology (NIST).  In a statement 
released on Friday, NIST said more than 
half the costs are borne by software 
users and the remainder by software 
developers and vendors.

Additionally, the study found that 
although errors cannot be removed, 
more than a third of the costs, or an 
estimated $22.2 billion, could be 
eliminated by improved testing that 
enables earlier and more effective 
identification and removal of defects. 
Currently, more than half of errors are 
not found until “downstream” in the 
development process or during post-sale 
use of software, according to NIST.
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We Live In An Imperfect World!
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Real-Time Multitasking: Plug and Play?
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Compositionality

Non-compositional formalisms lead to very 
awkward architectures.

Source: Ed Lee



Copyright: A. Sangiovanni-Vincentelli

17

The Embedded System Design Nightmare

P. Picasso, Blue Period

Specification:

P. Picasso “Femme se 
coiffant” 1940

Implementation:



Copyright: A. Sangiovanni-Vincentelli

18

Embedded Software Architecture Today
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Concurrency and Heterogeneity
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Source: Bosch
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Common features

Transport Layer

Network Layer

MAC Layer

Link Layer
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Application

Pre-Post

Process Networks

x Low pass

Manager Tables and
Parameters

User CSP

Continuous
Timem
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• Systems are assembled 
out of heterogeneous 
components

• Systems are distributed

• Interactions difficult to 
define
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Embedded Software Systems

• Computational
– but not first-and-foremost a computer

• Integral with physical processes
– sensors, actuators

• Reactive
– at the speed of the environment

• Heterogeneous
– hardware/software, mixed architectures

• Networked
– shared, adaptive
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The Intellectual Agenda

To create a modern computational 
systems science and systems 
design practice with

– Concurrency

– Composability

– Time

– Hierarchy

– Heterogeneity

– Resource constraints

– Verifiability

– Understandability
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Design Process Transformation

Implementation

Manufacturing

System

5

Timing Accurate
Gate-Level Netlist

HW/SW 
Partitioning

Test
Vectors

Simulate
RTL

Verify
Gates

Functional
High Level

HW MODELS

Embedded System Design GapsEmbedded System Design Gaps

C/C++ SW
CODE

Validate

Textual Design 
Specification

Cycle Accurate RTL 

Translation

Estimation

Estimation

Synthesis

Driver
CODE

RTOS
CODE

Validate
Validate

Source: Greg Spirakis 6
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RTL
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Embedded System Design GapsEmbedded System Design Gaps

C/C++ SW
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Validate

Textual Design 
Specification

Cycle Accurate RTL 

Translation

Estimation
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Synthesis

Driver
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RTOS
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MANUAL

MANUAL
MANUAL

MANUAL

NO FORMAL SEMANTICS

Source: Greg Spirakis
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Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media
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The Platform Concept 

• Meet-in-the-Middle 
Structured methodology that  
limits the space of 
exploration, yet achieves 
good results in limited time;

• A formal mechanism for 
identifying the most critical 
hand-off  points in the design 
chain;

• A method for design re-use 
at all abstraction levels;

• An intellectual framework for 
the complete electronic 
design process!

Texas Instruments 
OMAP

Platform
Design-Space

Export

Platform
Mapping

Architectural Space

Application Space
Application Instance

Platform Instance

Semantic Platform
Platform

Platform
Design-Space

Export

Platform
Mapping

Architectural Space

Application Space
Application Instance

Platform Instance

Semantic Platform
Platform
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Early Platform Architecture: 
Philips Nexperia

Middleware
JavaTV, TVPAK, OpenTV, 
MHP/Java, proprietary ...

Applications
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Hardware Software
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Platform-based Design
(ASV Triangles 1998)

• Platform: library of resources defining an abstraction layer

– hide unnecessary details 

– expose only relevant parameters for the next step

Intercom Platform (BWRC, 2001)

Wireless
Processor
Protocol

Baseband
Processor

Flash

Xilinx
FPGA

ADC

DAC

RF
Frontend

Bus

Sonics Silicon Backplane

Tensilica
Xtensa

RISC CPU
ASICs SRAM

Speech
Samples
Interface

UART
Interface

External
Bus

Interface

Platform
Design-Space

Export

Platform
Mapping

Architectural Space

Application Space
Application Instance

Platform Instance

System (Software + Hardware)
Platform
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BusesBuses
Matlab

CPUs Buses Operating
Systems

Behavior Components       Virtual Architectural Components

C-Code
IPs

ASCET

ECUECU--11 ECUECU--22

ECUECU--33
BusBus

f1f1 f2f2

f3f3

Behavior Platform

Mapping

Performance 
Analysis

Refinement

Evaluation of
Architectural 

and 
Partitioning 
Alternatives

Implementation

Separation of Concerns (ca. 1990!)
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Platform-based Design

• Platform: library of resources defining an abstraction layer

– Resources do contain virtual components i.e., place holders 
that will be customized in the implementation phase to meet 
constraints

– Very important resources are interconnections and 
communication protocols

Platform
Design-Space

Export

Platform
Mapping

Architectural Space
Application Space

Application Instance
Platform Instance
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Fractal Nature of Design



Copyright: A. Sangiovanni-Vincentelli

32

Basic Goals

• Identify precisely and formally the concept of 
communication, its level of abstraction and of the 
corresponding models of computation.

• New theories to combine different models of computation

• Determine a set of properties that characterizes each 
level of abstraction. 
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Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media
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Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media
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• Different semantics 
(e.g., synchronous vs. asynchronous)

• Different abstraction level
(e.g. instruction vs. block level)

Challenge

Functionality and Architecture are modeled separately

Function
Model 

Architecture
Model

Mismatch

Mapping is ad-hoc, manual, error-prone 

Find a common language

and decide the abstraction level

Mapping could be automatic, correct-by-construction 
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Technology Mapping

d+e b+h

t4’

at2 +c

t1t3 + fgh

FFunction Architecture

Common language: Boolean logic

Primitives: NAND2 gate and inverter
b’ h’

a

d’ e’
g

f

c

FFunction Architecture
inv(1) nand2(2)

nor(2)

aoi21 (3)

xor (5)

nand3 (3)

oai22 (4)

nor3 (3)

Mapping

Covering 

F

f

g

d

e

h

b

a

c

nand3(3)nand3(3)

oai21(3)oai21(3)

oai21 (3)oai21 (3)

and2(3)

inv(1)

nand2(2)

Mapped Design
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Synthesis Flow

CMD

Covering

Function
Model 

Architecture
Model

Function 
Model in CMD

Architecture
Model in CMD

Further
Synthesis

Stage 1

Stage 2

Stage 3

• Common language 

• Primitives 
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Sources:  www.ti.com,
www.arm.com,

www.powervr.com

(from OMAP 5910)

IVA
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Software solution Hardware solution

CPU/DSPCPU/DSP

Custom HWCustom HW

Custom CPUCustom CPU
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FPGAFPGA
Interconnection
(Bus, network...)

CC
ProgramProgram

RTLRTL

DRPDRP

CC
ProgramProgram

Communication synthesis

Behavioral synthesisBehavioral synthesis
Performance estimationPerformance estimation

Power estimation...Power estimation...

System level design

Single source for hardware and software solution 
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Courtesy: NEC
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Driver

OS
Multi-core abstraction layer 

CPU CPU

OS, 
Driver

DSP

DSP M/W

APPLI-
CATION

SW

HW
DSP, dedicated HWCPU

Driver

DSP M/W0LGGOHZDUH
$SSOLFDWLRQ

CPU

CPU M/W

Driver

CPU MW

Peripherals

OS, 
Driver

+DUGZDUH
HQJLQH

OS, 
Driver

Security …

Hetero and scalable architecture

Multi-core Various markets

Heterogeneous and scalable architecture
for various markets
Multi-core abstraction layer

for software virtualization
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Architecture

Software
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Courtesy: NEC



��
� �

�� � � � �� 	�

�
 � ��

�� � ��� � � � � � 
 � �� ��

Designing Beyond the 3rd Generation

function
modeling

• WCDMA, DVB-H, UWB, 
• WLAN, WIMAX, …
• CR

Common Research Agenda:
• benchmarks
• real-time in f&a space
• common rules for modeling 
• connection between function and architecture model
• systematic design space exploration
• synergy in designing code generators 
• „Future-proof“ framework for Function&Architecture Modeling   

(Matlab, Simulink, Metropolis …?)

architecture modeling
• multiple program- reconfigurable DP+IC        fpga-inspired 

mable processors    architecture         architectures

front-end for code generators

back-end back-end back-end
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ASPDAC, Jan. 2005ASPDAC, Jan. 2005

Framework for Platform-Based Design

Courtesy: G. Spirakis, Intel

18

Typical Application: The Intel MXP5800Typical Application: The Intel MXP5800

•• Complete Complete 
Solution for high Solution for high 
performance performance 
Digital Imaging Digital Imaging 
ApplicationsApplications
–– Multifunction Multifunction 

Printers Printers 
–– High End High End 

scannersscanners

20

Challenge for Platform ReuseChallenge for Platform Reuse

FilterFilter SRCSRC BuffeBuffe
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FilterFilter SRCSRC BufferBuffer
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BufferBuffer
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Challenge #1Challenge #1
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Architectural Exploration: 
FX3 Baseline SBW Hardware Architecture 1

SMCUF1

SMCUF2

SbW CU 
(MABX1)

SbW CU 
(MABX2)

SbW CU 
(MABX3) SMCURR

SMCURL

Steering Angle

B CA

Steering Feedback

Steering Torque

FlexRay

Hard-wired actuator signal

Absolute / relative sensors/

Hard-wired sensor signal

Relative Position
Sensor F2

CAN Link

Rack Electric Motor Actuators 

Absolute 
Position 

Sensor F1

Relative Position
Sensor F2 Relative Position

Sensor RR2

Absolute Position 
Sensor RR1

Relative Position
Sensor RR2

Relative Position
Sensor RL2

Absolute Position 
Sensor RL1

Relative Position
Sensor RL2

SbW CU 
(MABX4)

Motor temp sensors in all SMCU.
Motor current, voltage sensors in all SMCU’s.
Shutdown HW voter gets votes from all
replicated supervisors to shutdown power
to the rack electric motor actuators.

Shutdown 
HW Voter

Mechanical Backup
Steering Link Clutch
Actuator

Mechanical Backup Steering Column 

Shutdown 
HW Voter

Shutdown 
HW Voter

Shutdown 
HW Voter
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Putting it all together….

• We need an integration platform

– To deal with heterogeneity:

– Where we can deal with Hardware and Software

– Where we can mix digital and analog

– Where we can assemble internal and external IPs

– Where we can work at different levels of abstraction

– To handle the design chain

– To support integration

– e.g. tool integration

– e.g. IP integration

• The integration platform must subsume the traditional design 
flow, rather than displacing it



Copyright: A. Sangiovanni-Vincentelli

49

Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media
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Metropolis: an Environment for System-Level Design
• Motivation

– Semantic link between specification and implementation is necessary

• Platform-Based Design

– Function vs. architecture

– Capability vs. performance

– Computation vs. communication

• Metropolis Framework

– Extensible framework providing simulation, verification, and synthesis 
capabilities

– Easily extract relevant design information and interface to external tools

• Released Sept. 15th, 2004
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Fundamental Concepts

• Support for different Models of Computation

• Support for Architecture Specification and Analysis

• Mix of imperative and declarative specification styles

• Quantities of interest dictated by the designer, not the 
framework 

• Framework designed to allow interfacing with external 
tools
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Mapping methodology in Metropolis

• An architecture provides
services

– Cost of services

– Concurrency

• A functional model uses these 
services

– Ordering

– Data values

• Mapping binds the two 
together formally

• Restrict non-determinism

Functional Model
Architectural Model

Mapped Implementation
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Meta Frameworks: Metropolis

Tagged Signal Semantics

Process Networks Semantics

Firing Semantics

Stateful Firing SemanticsKahn process
networks

dataflow

discrete
events

synchronous/
reactive

hybrid systems

continuous
time

Metropolis provides a process networks abstract 
semantics and emphasizes formal description of 
constraints, communication refinement, and joint 
modeling of applications and architectures.
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Industrial Collaborations 

• Infineon: Software Defined Radios

• Intel: 

– Mobile Platforms

– Multi-media Platforms

• General Motors

– Next generation car architectures

• United Technologies

– Elevator (OTIS), Air conditioning (CARRIER), Security 
(Chubb)

• Xilinx

– Programmable platform modeling
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Outline

• Embedded Software Status in Industry

• Platform-based Design

• Applications of PBD to Distributed Building 
Control

• A synthesis method

• Metropolis

• Automotive and Multi-media
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SBW Hardware Architecture 5

SbW CU

SbW CU

SbW CU
SMCUF1

SMCUF2

SMCURR

SMCURL

Steering Angle

B CA

Steering Feedback

Steering Torque

FlexRay

Hard-wired actuator signal

Absolute / relative sensors/

Hard-wired sensor signal

Relative Position
Sensor F2

CAN Link

Rack Electric Motor Actuators 

Absolute 
Position 

Sensor F1

Relative Position
Sensor F2 Relative Position

Sensor RR2

Absolute Position 
Sensor RR1

Relative Position
Sensor RR2

Relative Position
Sensor RL2

Absolute Position 
Sensor RL1

Relative Position
Sensor RL2

Shutdown 
HW Voter

Shutdown 
HW Voter

Shutdown 
HW Voter

Shutdown 
HW Voter

SBW Hardware Architecture 4

Architecture 5 has no SMCU’s and
the IO’s are redistributed to the other components with

redundant actuators
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Composability

Reusability/Cost

Dependability

Extensibility

0
2

4
8

2

4

88

2

4

8

4

2
4

8

Architecture 4

Architecture 5: Result

2

Architecture 5

0
2

4
8

2

4
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2

4

8

4

2
48 2

Baseline
ArchitectureUtilization
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Automotive Stability Control Automotive Stability Control 

Find common language between functionality and architecture

by choosing semantic domain Q in CMD CQ(P).

Functionality

• synchronous Simulink model

• no message loss or duplication 

Architecture

• clock drift between distributed 
ECUs, asynchronous comm.

• data loss and duplication

mismatch
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CMD Selection (Stage 1)CMD Selection (Stage 1)

z Find CMD from modeling domain relation graph

D = CPN(PD)

F = CSR(PF) A = CLTTA(PA)

C1 = CLTTA(P1)C2 =CSR(P2)

P1=PF’ U PA

P2=PF U PA’

Original Function modeling domain:
Synchronous/Reactive semantics

Original Architecture modeling domain:
Semantics of LTTA 
(loosely time-triggered architecture)

Common ancestor domain:
Process Networks semantics

[1] H. Zeng, A. Davare, A. L. Sangiovanni-Vincentelli, et. al, “Design Space Exploration of 
Automotive Platforms in Metropolis,” SAE 2006

a’ = a
B(f’)     B(f)�

f’ = f B(a’)     B(a)�
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Transformation of architecture modelTransformation of architecture model

z CMD uses synchronous/reactive semantics

� Function model does not need to be changed

� Architecture primitives PA should be transformed to PA’ in 
CMD to support synchronous/reactive semantics

� Protocol to avoid data loss [1]
– Constraints on process periods

– Requires clock drift to be within a certain range

� Clock synchronization to restrict the clock drift [2]

� Alternating bit to avoid data duplication

� B(a’)      B(a), but correct behaviors can be assured when 
function model f’ is mapped to architecture model a’

[1] A. Benveniste, P. Caspi, P. Le Guernic, H. Marchand, J.P. Talpin and Stavros Tripakis, 
“A Protocol for Loosely Time-Triggered Architectures”, EMSOFT '02

[2] M. Gergeleit and H. Streich, “Implementing a Distributed High-Resolution Real-Time
Clock using the CAN-Bus”, 1st International CAN-Conference

�
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Automatic SynthesisAutomatic Synthesis

z Covering problem

� Function primitives instance fi : tasks and messages

� Architecture primitives instance aj : ECUs and buses

� Quantity constraints : maximum workload on ECU

� Objective function: minimize inter-ECU communication and 
balance computation load across ECUs

� Utilize the Scotch [1] package

� Function model graph and architecture graph

� Partition-based algorithm solves the covering problem

z Further synthesis

� Task priorities – based on pre-assigned message priorities

� Task periods

� Adjusted to satisfy end-to-end latency requirements

� Task periods need to satisfy the protocol to ensure the correctness 
of semantics

[1] Scotch, http://www.labri.fr/perso/pelegrin/scotch
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Experimental ResultsExperimental Results

z 14 tasks, 48 messages

z 6 ECUs, 1 bus

z Automatic synthesized design vs. 6 manual designs

z Simulated in Metropolis framework

48%34%559.51Automatic

72%50%761.84Manual 2

60%57%787.10Manual 1

Max ECU 
utilization

Bus 
utilization

Total delay 
(ms)

Design
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Summary and Perspectives

• Electronic Industry facing an array of complex problems from 
design to manufacturing involving complexity, power, 
reliability, reconfigurability, embedded software

• Design Methods and Tools lacking: active research field

• Investment needed from IC and System industry otherwise the 
situation is bound to become more critical. Not an issue of 
languages or point tools

• EDA vendors have to extend their reach into the system space

• Innovation of this magnitude is difficult to achieve within the 
present EDA industrial infrastructure
– Incubation?

– Well-endowed Start-ups?

– Consortia?

• Future ……
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Educational Challenge


