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1. Motivating Example: 
Integrated Automotive Software System

1. Motivating Example: 1. Motivating Example: 
Integrated Automotive Software SystemIntegrated Automotive Software System

G/W: Gateway
LK: Lane-Keeping
ACC: Adaptive 

Cruise 
Control

PC: Pre-clash 
Control

PA: Parking 
Assistance

Integration of Mutiple Heterogeneous ECUs & Networks
Functionality and Multiple Inter-related Aspects
Integration of Integration of MutipleMutiple Heterogeneous Heterogeneous ECUsECUs & Networks& Networks
Functionality and Multiple InterFunctionality and Multiple Inter--related Aspectsrelated Aspects
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2. Conventional Approaches and their Issues2. Conventional Approaches and their Issues2. Conventional Approaches and their Issues

FR

Interconnected?

Interconnected?

Interconnected?

NFR  NFR  AA
NFR NFR BB
NFR NFR CC

FR

NFR  NFR  AA

NFR  B NFR  C

NFR  A
NFR  B
NFR  C

Separation 
of Concern

NFR  A
(Safety)(Safety)

Requirements Engineering
Limitation in modeling 
relationships between NFRs

Aspect-Orientation/Early Aspect
Limitation in modeling 
relationships between aspects

Dependability and Fault-
Tolerance

Limitation in considering the 
relationship of dependability with 
other aspects

Requirements EngineeringRequirements Engineering
Limitation in modeling Limitation in modeling 
relationships between relationships between NFRsNFRs

AspectAspect--Orientation/Early AspectOrientation/Early Aspect
Limitation in modeling Limitation in modeling 
relationships between aspectsrelationships between aspects

Dependability and FaultDependability and Fault--
ToleranceTolerance

Limitation in considering the Limitation in considering the 
relationship of dependability with relationship of dependability with 
other aspectsother aspects
Difficulty of Modeling and Quantitative Evaluation of Difficulty of Modeling and Quantitative Evaluation of 

Multiple NunMultiple Nun--Functional RequirementsFunctional Requirements

FR: Functional Requirements
NFR: Non-Functional Requirements
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3. Our Approach3. Our 3. Our ApproachApproach

Multi-Dimensional Aspect-Oriented 
Requirements Analysis

Quantitative Evaluation of Aspects
Safety Aspect:
IEC61508: Safety Integrity Level (SIL)
Communication Performance 
Aspect:
Classification of Network Protocols by 
SAE  (Society of Automotive Engineers)

Product Line Development

MultiMulti--Dimensional AspectDimensional Aspect--Oriented Oriented 
Requirements AnalysisRequirements Analysis

Quantitative Evaluation of AspectsQuantitative Evaluation of Aspects
Safety AspectSafety Aspect::
IEC61508: Safety Integrity LevelIEC61508: Safety Integrity Level (SIL)(SIL)
Communication Performance Communication Performance 
AspectAspect::
Classification of Network Protocols by Classification of Network Protocols by 
SAE  (SSAE  (Society ofociety of AAutomotive utomotive EEngineers)ngineers)

Product Line DevelopmentProduct Line Development
Propose a Design Methodology to Satisfy Multiple Propose a Design Methodology to Satisfy Multiple NFRsNFRs

Dependability/ 
Fault-tolerance

Requirements 
Engineering

Aspect-
Orientation
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4. AoREAS: Aspect-oriented Requirements 
Engineering for Automotive Software System
4.4. AoREASAoREAS:: AspectAspect--oriented Requirements oriented Requirements 

Engineering for Automotive Software SystemEngineering for Automotive Software System
Modeling and Analysis of Multiple-Interrelated Non-Functional 
Requirements through Aspect-Orientation
Modeling and Analysis of MultipleModeling and Analysis of Multiple--Interrelated NonInterrelated Non--Functional Functional 
Requirements through AspectRequirements through Aspect--OrientationOrientation

Requirements
(Functional and 
Non-Functional)

Component (BOM) Repository
Components and Connectors
(ECUs and Communication 

Network Elements)

Model Repository
(Meta-Models and

Architecture Patterns 
of Product-Lines) 

MultiMulti--DimensionalDimensional AspectAspect--Oriented AnalysisOriented Analysis
Aspect Trace/Domain Analysis

Aspect Matching Analysis

MultiMulti--DimensionalDimensional AspectAspect--Oriented ModelingOriented Modeling

Generation of Multiple Product Lines of Automotive SystemsGeneration of Multiple Product Lines of Automotive Systems

Configurations of Multiple Product-Lines 
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4.1 Aspect-Oriented Product Line Architecture 
Meta Model

4.1 4.1 AspectAspect--Oriented Product Line Architecture Oriented Product Line Architecture 
Meta ModelMeta Model

Meta Model with Two ViewsMeta Model with Two ViewsMeta Model with Two Views

Component

Feature

System
(Product)

Non-Functional
Requirements

Concern

Aspect

Architecture
(Description)

Stakeholder

Viewpoint

Product LineArchitecture 
Pattern

Connector

use

has

has
consists ofconsists of

consists of

Environment/
Regulation

influence

Protocol

consists of

Trace

Domain

View from Features 
in the Architecture 

(Component/Connector Model) 

View from 
Aspects in 
NFRs
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4.2 Notation of Aspects4.2 Notation of 4.2 Notation of AspectAspectss

Formal Representation by Extending Class Notation in 
UML
Formal Representation Formal Representation by Extending Class Notation in by Extending Class Notation in 
UMLUML

Features

Aspects

Features

Aspects

Protocols

Aspects

Protocols

Aspects

Name
Attributes
Methods

Safety (SIL=1)
Communication (Class=A)
Cost (NominalCost=2Unit)

Name
Attributes
Methods

Safety (SIL=1)
Communication (Class=A)
Cost (NominalCost=2Unit)

Name
Data Format

Protocol Sequence 
Safety (SIL=1)

Communication (Class=A)
Cost (NominalCost=2Unit)

Name
Data Format

Protocol Sequence 
Safety (SIL=1)

Communication (Class=A)
Cost (NominalCost=2Unit)

ComponentComponent == FF (Features,(Features, Aspects)Aspects)

ConnectorConnector == P P ((ProtocolsProtocols,, Aspects)Aspects)
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4.3 Multi-Dimensional Aspect Analysis (1/2)4.3 Multi4.3 Multi--Dimensional Dimensional AspectAspect Analysis (1/2)Analysis (1/2)

Aspect Trace:
A Set of Aspect, 
along with an 
Ordered 
Connection of 
Components & 
Connectors
Aspect 
Domain:
A Set of Aspect 
Traces Satisfying 
Aspect 
Requirements

Aspect Trace:Aspect Trace:
A A Set of Aspect, Set of Aspect, 
along with an along with an 
Ordered Ordered 
Connection of Connection of 
Components & Components & 
ConnectorsConnectors
Aspect Aspect 
Domain:Domain:
A Set of Aspect A Set of Aspect 
Traces Satisfying Traces Satisfying 
Aspect Aspect 
RequirementsRequirements

Component2Component2
Feature2Feature2

Aspect X=X1
Aspect Y=Y1
Aspect X=X1Aspect X=X1
Aspect Y=Y1Aspect Y=Y1Component1Component1

Feature1Feature1
Aspect X=dc
Aspect Y=Y2
Aspect X=dcAspect X=dc
Aspect Y=Y2Aspect Y=Y2

Aspect 
Trace Ti

Aspect 
Trace Tj

Aspect 
Trace Tk

Aspect 
Domain 
D(X=X1, 
Y=Y1)

Aspect 
Domain 
D(Y=Y2)

Component3Component3
Feature3Feature3

Aspect X=dc
Aspect Y=Y1
Aspect X=dcAspect X=dc
Aspect Y=Y1Aspect Y=Y1

Component4Component4
Feature4Feature4

Aspect X=dc
Aspect Y=Y2
Aspect X=dcAspect X=dc
Aspect Y=Y2Aspect Y=Y2

Component5Component5
Feature5Feature5

Aspect X=dc
Aspect Y=Y2
Aspect X=dcAspect X=dc
Aspect Y=Y2Aspect Y=Y2

Aspect 
Domain 
D(Y=Y1, 
Y1⊆Y2)
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4.3 Multi-Dimensional Aspect Analysis (2/2)4.3 Multi4.3 Multi--Dimensional Aspect Analysis (Dimensional Aspect Analysis (22/2)/2)

Aspect Matching: Grantee the Consistency of 
Aspects on a System
Aspect Matching: Grantee the Consistency of Aspect Matching: Grantee the Consistency of 
Aspects on a SystemAspects on a System

Week MatchingWeek Matching：：
A part of aspectsA part of aspects meet given meet given 
conditions conditions in a certain part of the in a certain part of the 
systemsystem

Strong MatchingStrong Matching：：
All aspectsAll aspects meet given conditions meet given conditions 
across the systemacross the system

G/W

Safety=3 or Com=2Com = 2

Com = 1
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FlexFlex
RayRay

HighHigh--
speed speed 
CANCANVehicleVehicle

ControlControl
SystemSystem

LowLow--
speed speed 
CANCAN

BodyBody
ElectronicsElectronics

MOSTMOSTInformationInformation
SystemsSystems

5. Application to Example of Automotive 
Embedded System

5. Application to Example of Automotive 5. Application to Example of Automotive 
Embedded SystemEmbedded System
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5.0 Product Line Architecture based on Aspect-
Oriented Analysis

5.05.0 Product Line Architecture based on AspectProduct Line Architecture based on Aspect--
Oriented AnalysisOriented Analysis

Multi-Dimensional Aspect-Oriented Modeling 
and Analysis to Product Line Architecture
MultiMulti--Dimensional AspectDimensional Aspect--Oriented Modeling Oriented Modeling 
and Analysis to Product Line Architectureand Analysis to Product Line Architecture

Assignment of Aspect to 
Component/Connector

Interconnection among 
Components

Constraint in Aspect
Assignment

MultiMulti--dimensional Aspectdimensional Aspect--OrientedOriented
AnalysisAnalysis

Aspect指向モデルの導出Aspect-Oriented Model
(Aspectの形式的表現(Notation of Aspects)

Aspect Trace/Domain

Aspect Matching

プロダクトラインアーキテクチャの導出Product Line Architecture
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5.1 Aspects Across the System5.1 Aspects Across the System5.1 Aspects Across the System

Select Aspects and Define their Relationships
Safety, Communication Performance (Com), Cost

Measure and Criteria to Evaluate Aspects

Select Aspects and Define their RelationshipsSelect Aspects and Define their Relationships
Safety, Communication Performance (Com), CostSafety, Communication Performance (Com), Cost

Measure and Criteria to Evaluate AspectsMeasure and Criteria to Evaluate Aspects
ComCom

SafetySafety

CostCost
Interconnect Conflict

1, 5, 10, > 501, 5, 10, > 50Unit CostUnit CostCostCost
A(Low) A(Low) -- D (High)D (High)SAE ClassSAE ClassComCom
1(Low) 1(Low) -- 4(High)4(High)IEC 61508 SILIEC 61508 SILSafetySafety

CriteriaCriteriaMeasureMeasureAspectAspect
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5.2 Aspect-Oriented Component Model5.2 Aspect5.2 Aspect--Oriented Component ModelOriented Component Model

Interconnection among Components assigned 
with Aspects
Interconnection among Components assigned Interconnection among Components assigned 
with Aspectswith Aspects

AlternativeAlternative

Mobile 
Communications
Safety (SIL=1)
Com (Class=D)
Cost (NC=20U)

Mobile 
Communications
Safety (SIL=1)
Com (Class=D)
Cost (NC=20U)

Car Navigator
Safety (SIL=1)
Com (Class=D)
Cost (NC=50U)

Car Navigator
Safety (SIL=1)
Com (Class=D)
Cost (NC=50U)

Engine
Management

Safety (SIL=3)
Com (Class=B)
Cost (NC=2U)

Engine
Management

Safety (SIL=3)
Com (Class=B)
Cost (NC=2U)

Steer by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

Steer by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

Brake by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

Brake by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

ABS
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

ABS
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

ACC
Safety (SIL=2)
Com (Class=B)
Cost (NC=5U)

ACC
Safety (SIL=2)
Com (Class=B)
Cost (NC=5U)

Door Module
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Door Module
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Keyless Entry
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Keyless Entry
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Dashboard
Safety (SIL=2)
Com (Class=B)
Cost (NC=10U)

Dashboard
Safety (SIL=2)
Com (Class=B)
Cost (NC=10U)

Light Module
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Light Module
Safety (SIL=1)
Com (Class=A)
Cost (NC=1U)

Air Conditioner
Safety (SIL=1)
Com (Class=A)
Cost (NC=10U)

Air Conditioner
Safety (SIL=1)
Com (Class=A)
Cost (NC=10U)

PC
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

PC
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

Remote 
Diagnostics

Safety (SIL=2)
Com (Class=D)
Cost (NC=20U)

Remote 
Diagnostics

Safety (SIL=2)
Com (Class=D)
Cost (NC=20U)

Clearance Sonar
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

Clearance Sonar
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

LK
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

LK
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

Transmission 
Control

Safety (SIL=3)
Com (Class=B)
Cost (NC=2U)

Transmission 
Control

Safety (SIL=3)
Com (Class=B)
Cost (NC=2U)

PA
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

PA
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

Variation
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5.3 Aspect Trace and Aspect Domain5.3 Aspect Trace and Aspect Domain5.3 Aspect Trace and Aspect Domain

Analysis: Verification of Aspect Trace and 
Aspect Domain (Brake-by-Wire and ABS)
Analysis: Verification of Aspect Trace and Analysis: Verification of Aspect Trace and 
Aspect Domain (BrakeAspect Domain (Brake--byby--Wire and ABS)Wire and ABS)

Dashboard Brake-by-Wire

Dashboard ABS

Dashboard Dashboard BrakeBrake--byby--WireWire

Dashboard Dashboard ABSABS

TTDDashboard,ashboard,BrakeByWIreBrakeByWIre

SafetySafety SILSIL22 ⊆⊆ SILSIL44
ComCom ClassClass B B ⊆⊆ Class DClass D

DDDDashboard,ashboard,BrakeByWIreBrakeByWIrerr

Safety = Safety = SILSIL4, 4, ComCom = Class D, Cost = 10= Class D, Cost = 10UU

TTDDashboard,ABSashboard,ABS

SafetySafety SILSIL22 ⊆⊆ SIL3SIL3
ComCom ClassClass B B ⊆⊆ Class CClass C

DDDDashboard,ABSashboard,ABS

Safety = Safety = SILSIL3, 3, ComCom = Class C, Cost = 10= Class C, Cost = 10UU

AlternativeAlternative
Brake by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

Brake by Wire
Safety (SIL=4)
Com (Class=D)
Cost (NC=10U)

ABS
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

ABS
Safety (SIL=3)
Com (Class=C)
Cost (NC=5U)

Dashboard
Safety (SIL=2)
Com (Class=B)
Cost (NC=10U)

Dashboard
Safety (SIL=2)
Com (Class=B)
Cost (NC=10U)
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5.4 Relationship between Components/Connectors 
and Aspects

5.4 Relationship between Components/Connectors 5.4 Relationship between Components/Connectors 
and and AspectAspectss

Relationship between All Components/Connectors 
and Aspects on System
Relationship between All Components/Connectors Relationship between All Components/Connectors 
and Aspects on Systemand Aspects on System
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5.5 Aspect Range5.5 5.5 AspectAspect RangeRange

Aspect Range： Constraints of Aspects to 
Construct Product Line Architectures
Aspect RangeAspect Range：： Constraints of Aspects to Constraints of Aspects to 
Construct Product Line ArchitecturesConstruct Product Line Architectures

●Grade A (Luxury class)

●Grade B (Mid class)

●Grade C (Compact class)

Grade A (Luxury Class)

Grade B (Mid Class)

Grade C (Compact Class)
Safety

Cost

Component

156

104

74
61

36
25

50

31
24

0

20

40

60

80

100

120

140

160 Safety
Cost
Component
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5.6 Construction of Product Line Architectures (1/2)5.6 Construction of Product Line Architectures (1/2)5.6 Construction of Product Line Architectures (1/2)

Product Line Architectures Satisfying Both
Functional Requirements and Aspect Range
Product Line Architectures Satisfying BothProduct Line Architectures Satisfying Both
Functional Requirements and Aspect RangeFunctional Requirements and Aspect Range

Grade A (Luxury Class)

Grade B (Mid Class)

Grade C (Compact Class)
Safety

Cost

Component

156

104

74
61

36
25

50

31
24

0

20

40

60

80

100

120

140

160 Safety
Cost
Component

↑↑ Grade A (Luxury Class)Grade A (Luxury Class)
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Speed 
CANVehicle 

Control 
Systems

Low-
Speed 
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MOSTInformation 
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FlexRay

High-
Speed 
CANVehicle 
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Systems
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Speed 
CAN

Body  
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MOSTInformation 
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Door Module
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5.6 Construction of Product Line Architectures (2/2)5.6 Construction of Product Line Architectures (2/2)5.6 Construction of Product Line Architectures (2/2)

Product Line Architectures Satisfying Both
Functional Requirements and Aspect Range
Product Line Architectures Satisfying BothProduct Line Architectures Satisfying Both
Functional Requirements and Aspect RangeFunctional Requirements and Aspect Range
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6.  Evaluation and Future Work6.  Evaluation and Future Work6.  Evaluation and Future Work

Evaluation: 
Derived Multiple Product Line Architectures of 
Automotive Embedded System by Applying 
Proposed Aspect-Oriented Modeling Methodology

Future Work:
Increasing Number of Combination of Aspects 
Caused by Connection of a Large Number of ECUs
Simulation Methods to Support Design Activity
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7. Conclusion7. Conclusion7. Conclusion

Complexity in Design of Automotive Embedded 
Systems Caused by Tangling Functional 
Requirements and Non-Functional Requirements
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