Automated Support for the Architecting of
Distributed Embedded Systems:
Methods and Analysis for Industrial Adoption

XINHAI ZHANG

Doctoral Thesis
Stockholm, Sweden 2017

TRITA MMK 2017:10
ISSN 1400-1179
ISRN KTH/MMK/R–17/10–SE
ISBN 978-91-7729-432-0

KTH School of Industrial
Technology and Management
SE-100 44 Stockholm
SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan
framlägges till offentlig granskning för avläggande av teknologie doktorsexamen i maskinkonstruktion onsdag den 14 juni 2017 klockan 09.00 i Gladan,
Kungliga Tekniska Högskolan, Brinellvägen 85, Stockholm.
© Xinhai Zhang, May 2017
Tryck: Universitetsservice US AB

iii

Abstract
The architecture design complexity of modern embedded systems,
such as in the automotive domain, is growing due to the rapidly evolved
functionalities, the increasing amount of interactions between functions
and computation nodes, and the stringent extra-functional requirements. Architecture design is crucial since it affects nontrivial system
properties such as safety, cost, performance of functionalities and also
the development time. An important enabler to deal with this complexity is to provided computer aided architecture design. This thesis
focuses on such support for Design Space Exploration (DSE), relying
on a model-based design (MBD) environment.
The goal of this thesis is to improve the industrial adoption of DSE
methods to facilitate the architecture design of distributed embedded
systems in the automotive industry. The main contributions of this
thesis are as follows: (1) Applying architecture recovery in the automotive industry to extract architecture models from legacy ECU source
code. The recovered architecture models can be used to facilitate system understanding, to verify the software implementation against its
specification and also to enable DSE for architecture design. (2) A systematic gap analysis was conducted between the state-of-the-art DSE
methods and the industrial needs, through literature studies and interviews with experienced system architects. Identified gaps are analyzed
from the following perspectives: Architecting scenarios, architectural
decisions, quality attributes, cost model, procurement strategy, system
variability and functional safety. (3) A new problem formulation was
proposed to reduce the design space by utilizing the features of evolutionary architecting and the AUTOSAR layered architecture. (4) In
order to enhance the flexibility of the DSE methods by enabling the
customizability of the architectural constraints, an automatic transformation method is proposed to translate formally described architectural constraints into the corresponding mixed integer linear programing (MILP) constraints, commonly used for DSE. (5) This thesis
also investigates the potential impacts of vehicular communication on
the future architecture of automotive embedded systems from the timing perspective through a case study to enable a commercial truck
with cooperative driving functionalities. The receiving bias problem
was identified during the case study and effective architectural solutions were proposed. The case study also showed that the adoption of
vehicular communication would not have significant architectural impacts in terms of timing.
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Sammanfattning
Moderna inbyggda system blir alltmer intelligenta och uppkopplade, och därmed alltmer komplexa med ökade krav på funktionella och
icke-funktionella egenskaper. Arkitekturdesign behöver alltså spela en
ännu viktigare roll i att bedöma systemegenskaper såsom säkerhet,
kostnad, funktionalitet och utvecklingstid. En viktig förutsättning för
att hantera denna komplexitet är att tillhandahålla modeller samt en
modellbaserad systemutvecklingsmiljö (MBD). Denna avhandling fokuserar på sådant stöd med betoning på utforskningen av designrymden, ”Design Space Exploration” (DSE).
Målet med denna avhandling är att underlätta den industriella
tillämpningen av DSE-metoder för arkitekturdesign av distribuerade
inbyggda system inom bilindustrin. Huvudbidragen är följande: (1) en
metod för automatisk extrahering av systemarkitekturmodeller från
befintlig ECU-källkod för en ökad design-återanvändning inom bilindustrin. De återskapade arkitekturmodellerna kan användas för att
stödja systemförståelse, för att verifiera programmets implementering
mot dess specifikation och även för att möjliggöra DSE för arkitekturdesign. (2) En systematisk analys av tillgängliga DSE-metoder och
industriella behov baserad på litteraturstudier och intervjuer av erfarna systemarkitekter. Identifierade brister analyserades ur följande perspektiv: Arkitektur-scenarier, designbeslut, kvalitetsattributer,
kostnadsmodell, optimeringsstrategi, systemvariation och funktionell
säkerhet. (3) En metod för en förfinad problemformulering för effektiv utforskningen av designrymden genom att analysera arkitekturens
evolution och tillämpa AUTOSAR referensarkitektur. (4) en metod
för automatisk översättning av relevanta designparameter och preferens till motsvarande matematiska formulering i MILP (Mixed Integer
Linear Programing) för DSE, vilken medför ökad flexibilitet i praktisk
användning av DSE-metoderna. (5) Denna avhandling undersöker också den potentiella inverkan av kommunikationslösningar på systems
funktionella och icke-funktionella egenskaper genom en fallstudie för
att möjliggöra kooperativa körfunktioner hos en kommersiell lastbil.
Avvikelserna identifierades och effektiva arkitektoniska lösningar föreslogs. Fallstudien visade att fordonskommunikation inte skulle ha
betydande arkitektoniska effekter på tidtagning.
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CHAPTER 1
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1

Introduction

Embedded systems are crucial for modern Cyber-Physical Systems (CPSs)
since they realize the impact of the cyber systems on the physical world.
One typical example of complex embedded systems is in the automotive
domain, which is also the focus of this thesis. The automotive industry has
become increasingly software-intensive during the past 30 years [1]. Today,
most of the advanced automotive functionalities are implemented based on
software. In a modern vehicle, there can be more than 100 million lines of
code [2]. This huge amount of software is running simultaneously on more
than 70 inter-connected electronic control units (ECUs) that are distributed
to different parts of the vehicle [3].
The concepts of component-based development (CBD) and model-based
development (MBD) are largely adopted by the automotive industry for
software development in order to manage the design complexity [4]. CBD
uses the principle of "divide and conquer" to deal with the design complexity and to increase the reusability. AUTOSAR [5], which is a standard
software architecture for automotive embedded systems, structures software
as interactive software components (SW-Cs) on different layers. The adoption of AUTOSAR and general purpose processors enable the freedom to
allocate SW-Cs on different ECUs [6]. MBD techniques can facilitate the
development of embedded systems from both the behavioral and architectural perspective. The behavior inside each component can be designed and
verified with for example Simulink models and implemented through code
generation. The design and management of the system architecture can also
be facilitated by MBD with the help of architecture description languages
(ADLs). For example, EAST-ADL1 and AutoFocus32 , which are automotive
domain-specific ADLs, promoting MBD for the whole development lifecycle
of automotive embedded systems [7, 8].
This thesis mainly focuses on the architecting of automotive embedded
systems in the context of CBD and MBD. A key architectural design task
is to configure the deployment of computational and communicational resources, since different deployments may affect system safety, performance
of functionalities, cost and some other nontrivial system properties [9, 10].
Complexity arises as the system architects often have many options at hand,
1
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EAST-ADL: http://www.east-adl.info/
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including different ways of partitioning and grouping the functional blocks as
well as allocating them to hardware resources [11, 12]. To support architects
in making sound decisions, architectural Design Space Exploration (DSE)
is a key step where all viable design alternatives for a particular system are
selected and examined. In engineering practices, DSE provides automated
or semi-automated support to suggest design decisions, which are otherwise
dominated by domain experiences. The architecting process supported by
DSE methods is illustrated in Figure 1. System architects needs to design
the architecture of the products according to all the requirements and the
legacies. These thesis addresses problems from the following perspectives:
• How to enable DSE in industrial practice?
• How to improve current DSE methods to better fulfill industrial needs?
• How future functionalities will affect system architecture?

Legacy Artifacts

Requirements

Architecting
with DSE

Architecture of
Automotive
Embedded Systems

Figure 1. The architecting of automotive embedded systems supported by
DSE methods

The rest of the thesis is organized as follows: Chapter 2 introduces the
background of this work including a detailed description of the automotive
embedded system architecture, typical examples of architecting methodologies and DSE methods for architecting support. Chapter 3 defines and
delimits the terminology used in this thesis to avoid confusion. Chapter 4
describes the research design including the research goal, research questions
and research methodologies. The contributions of each appended paper are
explicitly elaborated in Chapter 5. Chapter 6 connects the contributions of
all the appended papers and correlates them with the research questions.
Chapter 7 concludes this thesis and suggests topics for future work.

CHAPTER 2

2

3

Background

The core interest of this thesis is to provide automated support for the architecting of automotive embedded systems. This chapter introduces the
background knowledge. Section 2.1 describes automotive embedded systems and their features that lead to design complexity. Section 2.2 introduces examples of classical architecting methodologies to handle the design
complexity.

2.1

Automotive Embedded Systems

Modern automotive embedded systems normally have the following features.
• Software Intensive: A modern vehicle normally has more than 100
million lines of code and the number is still increasing [2].
• Distributed: In a modern vehicle, there are normally more than 70
ECUs that are physically distributed to different parts of the vehicle
[1]. These ECUs are inter-connected by a complex network topology
as shown in Figure 2.
• Embedded: Unlike general purpose distributed systems, the design
of automotive embedded system is restricted by physical constraints
such as the shape of the vehicle and the locations of the sensors and
actuators [10].
• Real-time: To guarantee safety and control performance, most of
the automotive functions have strict real-time requirements. The endto-end (E2E) response time of a critical function is affected by the
periods and the execution times of the related tasks, the scheduling of
the tasks and the communication delays.
• Safety-critical: Safety is mandatory for modern vehicles. To provide
reliable vehicles is now also a subject for governmental regulations [13].
However, to guarantee safety for highly complex automotive embedded systems can be daunting. The ISO 26262 [14] was designed to
address functional safety of automotive embedded systems. It provides a reference lifecycle to identify and mitigate risks in automotive
functionalities [15].
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• Heterogeneous: Automotive embedded systems are heterogeneous
from different perspectives. Within one subsystem, there might be
both safety-critical and non-safety-critical functions. Therefore, the
tasks implementing these functions can be hard real-time, soft realtime or non-real-time. Within one ECU, some of the functions are
implemented by software running on general purpose processors, and
some are implemented by hardware such as FPGA [16]. In addition,
not all the ECUs are developed in-house. Normally, more than 50% of
the ECUs (including its software and affiliated sensors and actuators)
are bought from subsystem vendors [17].
• Cost-sensitive: Reducing cost is one of the most important concerns
of system architects [17, 18]. The cost considered by the architects
roughly comprises material cost, development cost, manufacture cost
and after-market cost (e.g., maintenance cost) [18, 19]. Therefore, in
automotive industry, product cost needs to be lifecycle managed. Normally, the overall cost is difficult to estimate. During architecting, cost
can be reduced by considering the cost related architectural quality
attributes, such as reusability, flexibility and backward compatibility
[17, 20].
• Variant: To satisfy customers with different needs, OEMs normally
define a series of slightly different vehicle models (each vehicle model
is called a variant) under one product line [21]. A better control of the
architectural differences over all the variants can reduce the effort for
verification, manufacture and maintenance, thereby reduce cost.
• Lifecycle managed: The lifecycle of a modern vehicle is usually
longer than 10 years. Therefore, maintenance should also be considered during system architecture design. For example, backward
compatible ECUs can reduce maintenance cost [18].
• Rapidly evolved: New functionalities are constantly added to modern vehicles. Functional evolution is the most common reason of architectural change [17, 18]. Normally, the product line architecture of
automotive embedded systems are evolved every 1-2 years and revolved
every 5-10 years [18].

2. BACKGROUND
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Figure 2. In-vehicle network topology of BMW 7 series in 2005 [22]. Each
box represents one ECU and the links denote the communication buses.

2.2

Architecting Methodologies

This section describes representative classical methodologies to develop automotive embedded systems specified by AUTOSAR (Section 2.2.1) and
EAST-ADL (Section 2.2.2). After that, Section 2.2.3 introduces how Platformbased Methodology [11] can be integrated into the EAST-ADL & AUTOSAR methodology to enable automated decision making support.
2.2.1

AUTOSAR Methodology

AUTomotive Open System ARchitecture (AUTOSAR) [5] has been proposed for more than 10 years by a group of automotive vendors, software suppliers and academic researchers. AUTOSAR provides specifications for a layered architecture [23] a corresponding methodology [24] and a
template-based information management schema [25]. Instead of the traditional implementation-intensive development approach, AUTOSAR handles
increasing complexity of software development by defining a workflow based
on configurations and code generation. All the configurations are formally
managed by different templates. AUTOSAR also facilitates collaboration
between OEMs and software suppliers and enhances system scalability by
enabling free allocation of application SW-Cs despite of the variances on the
underlying independent infrastructures.
As shown in Figure 3, the software architecture can be generally sepa-
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rated into three layers, namely the Application layer, Runtime Environment
(RTE) layer and Basic Software (BSW) layer. All the automotive applications are implemented through AUTOSAR application SW-Cs in the Application layer, supported by BSW with necessary communicational and
computational services. RTE is a connecting layer between Application
layer and BSW. It is also the middleware that enhances the transparency
between communicating ECUs. Each SW-C can only interact with BSW or
other SW-Cs via AUTOSAR interfaces implemented in RTE.

Figure 3. AUTOSAR layered software architecture

It is assumed that all the SW-Cs in BSW are hardware related and
cannot be freely allocated on other ECUs. This thesis mainly focuses on the
Application layer and RTE. Among various kinds of key concepts covered
by AUTOSAR specifications, only the ones that related to this work are
described below.
From the operational perspective, SW-Cs are not atomic. When they
come to scheduling, SW-Cs do not reflect artifacts like threads or processes
which can be scheduled by operating system directly. Instead, each SW-C
comprises an arbitrary number of interacting runnables as shown in Figure
3. Within one ECU, these runnables from different SW-Cs can be grouped
into tasks which are the units to schedule by RTOS.
The concepts of Virtual Function Bus (VFB) and RTE are the core enabler of the free allocation of SW-Cs on the application layer [26]. During
functional design, VFB provides a virtual infrastructure handling the communications among all the SW-Cs within the entire system. In this way,
functional design can be highly decoupled from implementation aspects. As
shown in Figure 3, RTE in each ECU forms the implementation of VFB.
Since VFB knows the communication matrix among all the SW-Cs, after the
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allocation of SW-Cs onto ECUs is decided (system design), communication
schemes can also be decided (communication design). For example, the communication with a local SW-C can be implemented through shared memory;
the communication between two remote SW-Cs can be implemented by message passing through the CAN bus. All these communicational services are
implemented in BSW and interfaced to Application Layer through RTE.
AUTOSAR methodology restricts the design freedom by a set of predefined configurations, which can be generally grouped into three phases,
namely system level configurations, ECU level configurations and code generation. It only defines the configurations, but does not specify any sequential order to perform these configurations. If the system is designed in a
top-down approach, these phases can be conducted as illustrated in Figure
4. The inputs of system configuration contain the information of software
and hardware architecture as well as the mapping constraints and architectural specifications. System configuration includes allocating SW-Cs to
ECUs, mapping SW-Cs to their implementations and grouping signals into
communication frames (messages). From system configuration description,
information regarding each single ECU is extracted. On ECU level, the information extracted from system configuration description is only one input
of the ECU configuration activity. Other inputs include BSW module description and a collection of SW-C implementations. Different description
files are used for the code generation of different layers. Decisions to be
made during ECU configuration activity include the grouping of runnables
into OS tasks, mapping tasks to cores and how to schedule OS tasks. Besides, configurations regarding compiling and linking also need to be done
during ECU configuration, for the generation of object files for RTE and
BSW layers. Together with the object files for SW-Cs generated during
functional design phase, these object files are linked into the final executable
file for each ECU. Different tools can be used to support different design and
configuration steps.
2.2.2

EAST-ADL Methodology

Even though AUTOSAR provides a standard architecture and methodology
to facilitate the development of automotive embedded systems and to support the collaboration with suppliers, it only focuses on the implementation
and lacks of the ability to support systematic modeling, analysis or design
support from the perspectives of requirement engineering, lifecycle manage-
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Figure 4. Overview of the AUTOSAR Methodology in a top-down approach

ment, safety engineering and product-line engineering. As a complementary
effort, EAST-ADL provides a higher level modeling framework on top of
AUTOSAR, covering the models on different levels of abstraction along the
whole development lifecycle as illustrated in Figure 5. In addition, for the
analytical leverage, EAST-ADL models can be integrated with a wide range
of existing methods and tools.
With EAST-ADL, system model describes the structural design in multiple specified levels of abstraction. As shown in Figure 5, these levels are:
Vehicle Level, Analysis Level, Design Level, and Implementation Level.
EAST-ADL provides a top-down design methodology where feature models are refined (concertized by adding technical details) step-by-step to the
final implementation. This methodology mainly contains four development
phases namely: vehicle (feature) phase, (functional) analysis phase, design
phase and implementation phase [27]. As shown in Figure 5, each phase
needs models on the corresponding level of abstraction.
• The vehicle level models provide the topmost features of automotive
embedded systems (e.g., keyless entry, auto brake and adaptive cruise
control). Relationships between the features are also modeled on this
level. This model can be used to manage top level variability.
• A vehicle level system models are refined to analysis level models,
typically based on the inputs of control engineers. Models on this level
capture the underlying system input and output functions (e.g., plant
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The structure of EAST-ADL language (Source: www.east-

monitoring and actuation) as well as the control functions (e.g., feedback control, motion control and path planning) without considering
any implementation details (e.g., hardware selection, scheduling, and
transmission delay).
• For system realization, an analysis level model is refined through a logical design step, where the choices of computation and communication
technologies are taken into consideration. Such a logical design step is
supported by the design level models, consisting of a Functional Design Architecture (FDA) that defines the grouping and partitioning of
functions, a Hardware Design Architecture (HDA) that characterizes
the target hardware platform, and an allocation matrix that captures
the binding of the abstract functions to the platform.
• The implementation level models provide detailed specifications
of software components and the architecture configuration based on
AUTOSAR.
• The operational level refers to the run time of the produced embedded systems.
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The interest of this thesis is on the design level where the main concern
is how to implement the designed functions. In addition, EAST-ADL is
not the only model-based methodology for automotive embedded systems
design. As mentioned before, another example is AutoFocus3 [28].
2.2.3

Platform-based Methodology

EAST-ADL methodology specifies a top-down approach where system design is defined as a sequence of refinement processes in different phases from
initial features to the final implementation. However, it does not detail how
the refinement should be performed in each phase. Furthermore, the EASTADL methodology also has limited consideration of legacy reuse, which on
the contrary is a bottom-up approach. The platform-based methodology
[11], emphasizing reuse, exploration and synthesis, defines each refinement
as a meet-in-the-middle process where on the top is the requirement from the
higher level, on the bottom is the library of pre-existing or to-be-developed
solutions (i.e., the platform), and in the middle is the refined architecture.
The platform-based methodology can be further formalized with the concept of assumption-and-guarantee (AG) contracts [29], which model the behavioral and architectural aspects of both reusable solutions in the platform
and the higher level requirements. The purpose of this formalization is to
further automate the refinement processes. In this way, the platform-based
methodology enables a large-scaled automated support for the development
of automotive embedded systems. The integration of the platform-based
methodology to the design level of EAST-ADL methodology is illustrated
in Figure 6.
In Figure 6, legacy artifacts need to be formalized as contracts through
reverse engineering techniques to compose the platform (the library of solutions). Given the contract-based higher-level functional requirements and
the library of contracts for the reusable legacy SW-Cs (the platform), software architecture can be synthesized through iterative refinement processes
[11, 29]. The designed software architecture should contain reused SWCs and the contracts for the new SW-Cs that need to be developed afterward. The development of these new SW-Cs can be done either manually or
automatically through controller synthesis techniques. Assuming that the
adoption of AUTOSAR and general purpose processors largely decouples
hardware and software design, the hardware architecture can be designed
according to the shape of the vehicle, the positions of the sensors and actu-
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Figure 6. Platform-based development Methodology

ators and the legacy hardware architectures [10]. The goal of the hardware
architecture design can be, for example, to minimize the total material cost.
Given the final software architecture and the hardware architecture, Design
Space Exploration (DSE) methods can be employed to suggest optimal system and ECU level configurations for the final implementation according
to the pre-defined extra-functional requirements. More explanations of the
DSE methods can be found in the next section.

2.3

Design Space Exploration (DSE)

DSE is a process to explore and exam all of the design alternatives or just
a sub-set of them so as to find the optimal, a sub-optimal or just a valid
solution. Design space refers to the set of all the design alternatives. DSE
methods can help the system architects with decision suggestion and whatif analysis. Mathematical methods that are used to solve DSE problems
include optimization, heuristic search, and constraint solvers (SAT solvers).
Different methods may lead to different efficiency and optimality. Designers
need to choose a proper one according to the requirements for their problems.
In the domain of embedded systems, DSE is widely used to facilitate
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design in different areas. For example, it can be used to automatically
decide the application mapping for Network-on-Chip (NoC) systems [30]; to
automate the assignment of pins to peripherals [31]; to deploy algorithm to
FPGA [32]; to support control and scheduling co-design [33]; and to facilitate
architecture design for distributed systems as surveyed in [34].
Under the platform-based methodology, the platform (the library of solutions) forms a design space to explore, subject to the constraints propagated from the higher level functional requirements, the compatibility of
legacy solutions and other concerns such as cost and reliability. This thesis
emphasizes the use of DSE methods for the architecture design of automotive embedded systems as shown in Figure 7. A literature survey of these
DSE methods can be found in Paper E.
Design Specifications

Task Graph

Design Space
Exploration
Task Allocation

ECU Platform

Figure 7. DSE for distributed embedded system architecting
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Terminology and Delimitations

In order to avoid confusion, this chapter defines the terminologies that are
commonly used in this thesis and also delimits the scope of the thesis work.
Automotive embedded systems: According to the study in Paper
E, automotive embedded systems refer to the electronic systems, including software and hardware, that implement the automotive functionalities.
A normal automotive embedded system contains sensors, actuator, ECUs
(including software), communication buses, power supply and cabling. In
this thesis, power supply to the ECUs and cabling are not comprehensively
considered. It is assumed that the impact of the power system and cabling
on the functionalities can be neglected as long as all the ECUs can be sufficiently powered and correctly connected. The functionalities are mainly
reflected by the behavior of the software on the ECUs. The features of
automotive embedded systems are analyzed in Section 2.1.
Architecture: According to ISO/IEC 42010 [35], system architecture
is defined as "The fundamental organization of a system embodied in its
components, their relationships to each other, and to the environment, and
the principles guiding its design and evolution." In this thesis, architecture
normally refers to the embedded system architecture of a particular vehicle model. It includes the relationships between 1) the SW-Cs (and their
connections) that implement the required functionalities, 2) the ECUs that
carry all the SW-Cs, 3) the network topology that connects all the ECUs
and 4) the requested sensors and actuators. Architectures can be modeled in
many ways, including hardware and software views. The architecture models
from the hardware view are in this thesis referred to as the hardware architecture. It consists of the distributed ECUs, the communication buses
that connect the ECUs, and the sensors and actuators that are affiliated
to the ECUs. The architecture models from the software vieware in this
thesis referred to as the software architecture, which is considered as
a set of inter-connected SW-Cs. Each SW-C is defined by its component
model (i.e., inputs, outputs and communication with other SW-Cs), timing
attributes and other extra-functional attributes such as resource consumption and safety criticality level. As mentioned before, the behavior inside
each SW-C is out of scope. Another important architectural information is
the mappings between software and hardware, which refer to 1) how
SW-Cs are allocated to ECUs, how inter SW-C communications are mapped
to messages on the communication bus, 2) how tasks and messages should
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be scheduled and 3) other architectural configurations that are related to
both software and hardware.
Architecting: According to ISO/IEC 42010 [35], architecting refers to
"The activities of defining, documenting, maintaining, improving, and certifying proper implementation of an architecture." In this thesis, architecting
mainly refers to the design of an architecture. It contains a set of architectural decisions. In this thesis, architecting is assumed to be decoupled
from functional design. It decides how the expected behavior should be
implemented, affects the performance and the cost.
DSE: In this thesis, DSE refers to the search-based techniques that
support the key architectural decisions.
Configurations: According to the top-down AUTOSAR methodology,
some key architectural decisions are defined as a set of configuration processes as shown in Figure 8.
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(Map SW-Cs to SW-C implementations)
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Multi-Core Related
(Configurations Regarding multi-core)

Figure 8. Terminology and key decisions involved in the DSE and their
relationships

In Figure 8, architecting mainly contains two interrelated steps namely
the system configuration and the ECU configuration. System configuration
treats ECUs only as containers of SW-Cs and it can be further broken down
into system design and communication design. System design decides on
which ECU each SW-C should be allocated. If legacy and variability are
taken into consideration, another decision that needs to be made during
system design is to choose which implementation instance should be selected
to implement a particular SW-C. After allocating SW-Cs onto ECUs, the
implementation of inter-ECU communication needs to be designed during
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the communication design phase. Signals, which are transmitted between
SW-Cs that are allocated on different ECUs, are defined along with a series
of mappings e.g. the mapping between data and signals and the mapping
between signals and messages. Afterwards, messages on each bus need to
be scheduled. Specifications for the implementation of each ECU can be
extracted from the result of system configuration. To configure the ECU
based on the extracted specifications and the design of the SW-Cs that
are allocated on that ECU, key decisions include how to partition all the
runnables on one ECU to OS tasks which is the unit of scheduling and how
to schedule these OS tasks.
Before analyzing a complex problem, it is important to delimit the scope
of the problem by identifying the boundary of the system of interest (SOI)
and how the SOI is related to its environment. These questions can be
clarified by the analysis method described in [36] as portrayed in Figure
9 (a). If the narrower SOI exchanges material, information and/or energy
with their context or environment, it needs to be considered together with
its context in terms of a wider SOI as well as the environment which they
affect.
The analysis method illustrated in Figure 9 (a) is instantiated by the
concepts of automotive embedded system architecture (in Figure 9 (b)) and
the automated architecting (in Figure 9 (c)). Detailed definitions of this two
concepts are given in the next section.
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Figure 9. Delimitations of architecture (b) and the automated architecting
support (c)
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Research Design

The ultimate goal of this research is to provide automated support for the
architecting of distributed embedded systems with relevance for the industrial practice. In order to fulfill this goal, first, all the design artifacts should
be managed in a model-based way so that the DSE methods can automatically formulate their design spaces; Second, the DSE methods should support particular design scenarios and the architectural decisions suggested by
the DSE methods should satisfy industrial needs; Third, the architectural
impacts of the future automotive functionalities (e.g., autonomous driving,
collaborative driving and adaptive re-configuration) should also be considered. This thesis attempts to answer some of the questions associated with
this research goal following the design research methodology introduced in
[37].

4.1

Research Questions

Motivation 1: The platform based methodology entails a model-based
development context. However, in reality, legacy software, as an important
reusable resource for system architecting, is normally not managed via models. Therefore, the first research question that needs to be answered by this
thesis is:
RQ1: How to achieve model-based architectural information from
the database of legacy artifacts such as source code?
Motivation 2: Assuming legacies, requirements and hardware architecture are all managed in a model-based manner, DSE methods can be adopted
to provide automated support for system architecting such as architectural
suggestions and what-if analysis. Therefore, the follow up research question
is:
RQ2: How to improve the state-of-the-art DSE methods to accelerate industrial adoption?
Motivation 3: Conventional automotive distributed embedded systems
are closed systems, where the worst case performance is reasonably predictable if all the timing information is available. However, the advent
of vehicular communication may open up the embedded systems since the
number of communicating vehicles is unpredictable, while all the surround-
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ing vehicles request real-time communication. This brings another question
as follows:
RQ3: To what extent will the adoption of vehicular communication affect the automotive embedded systems architecture?

4.2

Research Methodologies

The research questions have been addressed using both qualitative and
quantitative research methodologies. The qualitative ones include literature
study, interviews, proof-of concept demonstration with stakeholder validation and case studies. The quantitative ones include mathematical proofs,
simulations and evaluation through performance measurements.
Regarding RQ1, a preliminary literature study unveiled that architecture
recovery techniques can transform legacy source code into its architectural
models. In order to validate this finding, an architecture recovery toolset was
developed and demonstrated in the architecture department of Scania CV
AB. The developed toolset parsed the source code of three different ECUs.
The achieved architectural models were demonstrated with two applications.
The first one presented the achieved architecture models in a graphical way
to facilitate the understanding of the architecture. The second one checked
the consistency between the source code and the specifications in terms of
the CAN bus communication. Feedbacks were collected from the system
architects (the practitioners). The high percentage of positive feedbacks
implies the usefulness of the tool.
RQ2 needs to be answered based on a comprehensive understanding of
the state-of-the-art DSE methods and the practical requirements on the
architecting of embedded systems from industry. Therefore, a literature
study was carried out to elaborate the current state of the art (SOTA). The
state of practice (SOP) was depicted by a literature study and interviews
with experienced system architects. The identified gaps between SOTA
and SOP are planned to be further validated by a presentation at a relevant
conference (Paper E) and a workshop gathering researchers and practitioners
on this topic.
Among the identified gaps, two of them were of particular interests. The
first one was how to utilize the features of evolutionary architecting to reduce
design space. The second one was how to simplify the problem formulation
process, which is commonly time consuming and error prone. The first
question was partly addressed by a newly proposed problem model and for-
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mulation method. The effectiveness of the formulation was mathematically
proved; the efficiency was validated by a case study of regenerative braking
system with MATLAB as the optimization solvers (i.e., the MILP solver
and the genetic algorithm solver); and the scalability of the formulation was
validated by manipulated larger-scaled cases. The problem regarding the
second question was improved by a proposed formal representation of the
architectural constraints and an automatic transformation method, which
translates the formally represented constraints into the corresponding MILP
constraints, commonly used by DSE methods. The correctness of the transformation was mathematically proved; The computation efficiency of the
generated MILP constraints was validated by two cases.
RQ3 was answered by a case study to enable cooperative driving functionalities on two different types of vehicles, i.e., a commercial truck and an
electric research concept vehicle (RCV) that were developed by KTH. During this case study, I worked as one of the system architects and the main
developer of the vehicular communication subsystem. The performance of
the developed vehicular communication subsystem was evaluated by simulation and validated by the Grand Collaborative Driving Challenge (GCDC)
2016, where our commercial truck won the third place. The lessons learned
from the case study regarding the architectural impact of the added vehicular communication were validated by a presentation at a relevant conference
(CPS Week 2017).
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Contributions and Summary of Appended Papers

As mentioned in Section 2.3, DSE methods can provide automated support
for system architecting as shown in Figure 10. This thesis investigates and
improves different parts of the DSE-supported architecting process in terms
of industrial adoption. The relationships between the associated papers and
the architecting process are also illustrated in Figure 10.
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Figure 10. The relationships between appended papers and the DSE process

To adopt DSE methods in the automotive industry, the methods have
to be applicable to:
1. The legacy design and development artifacts (e.g., source code, configuration files and design documents) which may not be managed by
models;
2. The current architecting methods, processes and scenarios;
3. The architectural impact of future functionalities and extra-functional
requirements.
The links between the appended papers and the corresponding contributions,
largely reflecting adaptations of existing DSE methods, are presented in
Figure 11.
This thesis investigates the architecting of distributed embedded systems
from both research and practice perspectives. Paper B and C stand on the
academic side to improve the state-of-the-art DSE methods. Paper A and D
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Figure 11. The relationships between appended papers and the adaptation
of DSE methods to industrial practice

investigate the practical architecting problems. At the end, the gaps between
the DSE methods and the industrial architecting process are analyzed in
Paper E.
The rest of this section describes the contributions of Papers A-E and
their relations to each other in more detail.

5.1

Paper A: Architecture Recovery

Experience on Applying Software Architecture Recovery to
Automotive Embedded Systems
As mentioned before, automated support for system architecting can
only be realized in a model-based development context. However, legacy
design and development artifacts are usually managed in a document based
manner. To bridge the gap, Paper A utilizes architecture recovery [38] as a
method to automatically extract architectural models form the source code
database in Scania CV AB. In Paper A, the extracted architecture models
were used for presentation and consistency checking against the corresponding architectural specifications.
The architecture of the source code was extracted according to the metamodel illustrated in Figure 12, which comprises all the interesting architectural information.
The architecture recovery was realized through the developed toolset
as presented in Figure 13. It consists of three main parts: 1) the backend parsers that parse the source code in different ECUs, 2) the graphical
database [39] Neo4J3 and 3) the front end applications, i.e., the architecture browser for architecture presentation and understanding and the CAN
verifier for consistency checking of the messages on the CAN bus.
3

Neo4J official website: http://www.neo4j.org/
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Figure 13. Overview of the developed toolset for architecture recovery

The execution time of the toolset is reasonable. The parsers and coordinator only need to be run after the source files are changed. The parser
execution time is approximately three minutes per ECU. All the operations
in the Architecture Browser and CAN Verifier are within seconds, enabling
interactive browsing. The cost of the development is also deemed acceptable. Before the demonstration we made at Scania, the total workload for
developing the toolset was approximately 16 person months excluding the
proof-of-concept prototypes, which were not directly reused for this phase
of the project.
The toolset was validated through demonstration for the relevant system
developers at Scania. A recurring comment was that the tool will help with
system overview, understanding and impact analysis. The engineers believes
that our developed toolset may reduce the high cost of system understanding
and safety analysis.
Information regarding the meta-model, the developed toolset and the
two front-end applications is detailed in Paper A.

5.2

Paper B: Evolutionary Architecting
Design-Space Reduction for Architectural Optimization of
Automotive Embedded Systems

Paper B exploits legacy system architectures and the AUTOSAR standard to reduce the design space, because both concerns limit the flexibility
of certain design variables. Paper B proposes a problem formulation that
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incorporates the constraints of the legacy system architectures and the AUTOSAR standard is proposed in Paper B.
An evolutionary architecting process was assumed as shown in Figure
14, where new SW-Cs need to be allocated to existing system architecture.
Each ball in Figure 14 denotes a runnable. The balls inside each ECU are
the runnables of SW-Cs that are fixed allocated on that ECU. The links
between runnables represents the inter-runnable communication. According
to AUTOSAR specification, runnables from the same SW-C need to be
allocated together.

Figure 14. Modeled evolutionary architecting of paper B

As studied in Paper E, most of the DSE methods model the design
space with a software architecture model, which describes the properties of
all the SW-Cs and their connections, and a hardware architecture model
which describes the properties of all the ECUs and the network topology.
In Paper B, design space (DS) is modeled as:
DS = {SuD, EA, ItfS, MapConst}
where SuD represents the system under design, which is the new functionality that need to be added; EA is the existing architecture (including software
and hardware) that SuD can be deployed on; ItfS is the set of all the interfacing signals that exchange between SuD and EA and MapConst is the set
of all the mapping constraints specified by AUTOSAR. Detailed models of
these elements are described in Paper B.
The proposed approach reduces the design space by reducing the number
of design variables. Traditional methods formulate legacy system architectures as design variables that are restricted by equality constraints. These
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methods work fine when the scale of the legacy system is small and when
not so many non-linear constraints need to be considered. Otherwise, the
introduction of unnecessary design variables significantly increases the computation time. During the problem formulation, by extracting SuD from
the whole software architecture model, a huge amount of design variables
can be reduced.
Our formulation was verified using the MILP and the genetic algorithm
solvers of MATLAB. Results showed that our approach reduces the design
space and significantly saves the calculation time. Besides,with our formulation method, the size of the existing (legacy) system architecture will not
significantly affect the calculation time. Detailed formulation and the results
from a case study validation can be found in Paper B.

5.3

Paper C: Automated Formulation

Formulating Customized Specifications for Resource Allocation
Problem of Distributed Embedded Systems
Observed from literature, most of the published DSE methods are based
on predefined architectural constraints, which are fixed during the DSE process. However, this may cause some inconvenience for the users who are
normally system architects. The reasons are as follows: First, most industrial problems will be slightly different and have variants of constraints; Second, new extra-functional requirements require new constraints to be added
(e.g. synchronization [40] and reliability [41]); Third, the introduction of
new techniques also entails new architectural constraints (e.g., multi-core
platform [42]). Meanwhile, the formulation of these new constraints are
usually mathematically heavy, hence manual formulation is time consuming
and error-prone. Therefore, there is a general need for the architectural
constraints to be tailorable and customizable in a user-intelligible manner.
To solve this problem, as shown in Figure 15, Paper C enables the customizability of architectural constraints by 1) defining a formal representation to describe the architectural constraints (e.g., Eq (1)); and 2) proposing
an automatic formulator (as shown in Figure 16) to transform the formally
described constraints to the corresponding integer linear programing formulation, commonly used for DSE. This work can be treated as one step
towards the adoption of an architectural constraint language.
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Contribution 1: A formal and user-intelligible representation
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Contribution 2: A process is proposed to automatically transform the architectural
constraints into an ILP formulation.

Figure 15. The two research contributions of paper C

In Paper C, it is assumed that most of the architectural constraints can
be described by a combination of propositional logic and linear inequalities.
For example, some OEM may define a particular ECU to have CPU overload if its CPU utilization is over 70% and memory overload if its memory
utilization is over 80%. The OEM may have an ad hoc specification for this
system that 1) there are at most one ECU that has both CPU and memory
overload; and 2) there are at most two ECUs with either CPU overload or
memory overload. This example can be represented as
(P
P

pk ∈P
pk ∈P



CPU_overload(pk ) ∧ Mem_overload(pk ) ≤ 1

CPU_overload(pk ) ∨ Mem_overload(pk ) ≤ 2

(1)

where
(



CPU_overload(pk ) ↔
τ ∈T (Uτi )xi,k ≥ 0.7

Pi
Mem_overload(pk ) ↔
τi ∈T mτi xi,k ≥ mtpk ∗ 0.8
P

where i, k ∈ Z+ and xi,k is the design variable that denotes whether SW-C i
is allocated on ECU k. P denotes the set of all the ECUs within the system
under design; and T denotes the set of all the SW-Cs of the system under
design. Uτi is the CPU utilization of SW-C τi . mτi is the memory utilization
of τi . mtpk is the total memory of ECU pk .
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This kind of architectural constraints can be automatically transformed
into ILP constraints following the process illustrated in Figure 16. The
overall idea for this transformation is to firstly convert the constraints into
a normal form which is uniform and easier for the formulator to process.
Secondly, a formulator is designed to translate the normalized architectural
constraints to corresponding ILP constraints. The normalization utilizes a
third-party conjunction-normal-form (CNF) [43] converter. The automatic
translation is optimized in terms of the number of generated intermediate
design variables for linearizion. Paper C details the definition of the formal
representation, and the description of the normalization and the optimized
translation processes.
An arbitrary CPBP

Trans.

A set of ILP constraints.

Automatically

Utilizes a third party
CNF converter.

Paper C
shows the
details.

Optimized in terms
of the number of the
generated design
variables.

Normal Form (NF)
Figure 16. Overview of the automated formulation process

5.4

Paper D: Vehicular Communication
A Case Study on Achieving Fair Data Age Distribution in
Vehicular Communications

To accelerate the introduction of cooperative driving, the Grand Cooperative Driving Challenge (GCDC)4 has been organized with competitions
among international teams, each providing vehicles enabled for cooperative
driving. The event, GCDC 2016 [44], took place in Helmond, the Netherlands at the end of May. The competition involved three scenarios: cooperative platoon merge, cooperative intersection passing, and emergency vehicle
passing. All scenarios require highly reliable vehicle communications. Our
4

GCDC official website: http://www.gcdc.net/en/
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KTH truck team in cooperation with Scania CV AB earned the 3rd place
in the competition. Experiences with the vehicular communication and its
implementation led to Paper D.
Vehicular communication exposes the automotive embedded system to
a huge amount of uncertainties from the environment. These uncertainties may bring problems from different perspectives such as timing, safety
and security. Paper D mainly focused on the timing performance and the
corresponding safety issues. Security was not the major concern.
The Scania truck was modified to fulfill the cooperative driving requirements as shown in Figure 17. Paper D mainly describes the development
of the ITS-S router, which is the vehicular communication subsystem. The
functional requirement for that is to broadcast and receive periodic messages, which contain the vehicle state information such as speed, size and
the occupied lane.
The facility layer, which is responsible for encoding and decoding messages, is the focus of Paper D as it was the major timing bottleneck found
during development. The message decoding function is time-consuming.
During the development, it was observed that when the system was overload, the decoding congestion would significantly affect the fairness of message reception. This receiving bias problem is considered as a potential risk
of safety because critical vehicles may be locked out of vehicular communication for an unacceptably long time.
The receiving bias problem is in essence a timing problem. When the
ITS-S router is overloaded, the receiving bias is caused by the unfair distribution of message loss on all the communicating vehicles. This unfairness is
related to the periodicities of both message sending and the message processing as shown in Figure 18. The least common multiple of all these periods
is their hyper-period. Within each of this hyper-period, the messages from
the same set of vehicles are discarded due to buffer overflow.
This reason is very similar to the cause of the TCP global synchronization
problem [45]. Even though these two problems have different consequences,
they are both attributed to the deterministic discarding of messages when
the buffer is temporarily full. Active buffer management with Random Early
Discard (RED) [46] is a common receiver side solution for the TCP global
synchronization problem. Inspired by this method, a RED based solution
was proposed in our design to solve the receiving bias problem.
This RED based solution can only guarantee a fair distribution of the
message data ages, which still increases with the number of communicating
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Figure 17. Overview of the collaborative driving system and the software
architecture of the vehicular communication subsystem in the GCDC case
study
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Figure 18. Message flow of vehicular communication in the GCDC competition

vehicles when the system is overloaded. The root of the receiving bias problem is deterministic message discard due to the periodicity of both message
sending and message processing. Therefore, the receiving bias problem can
be mitigated by the factors that may affect the periodicity such as transmission delay, message loss and the schedulability of the threads on the ITS-S
router.
Simulation-based experiments showed that the receiving bias problem is
inevitable and the RED-based solution is effective. More detailed analysis
of the receiving bias problem can be found in Paper D, together with the
performance evaluation of the RED based solution.
In addition, the participation of GCDC provided a chance to experience
evolutionary architecting in practice, since we were asked to add the cooperative driving functionalities to an existing commercial truck. During the
preparation, I was mainly working on the architecture design and the development of the vehicular communication subsystem. Therefore, it was not
only a good case study to investigate the architectural impact of the adoption of vehicular communication. In this case study, the author acted as
the owner of the vehicular communication subsystem, but also an architect
of the whole system. More discussion regarding the architecting experience
can be found in Section 6.2.
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5.5

Paper E: Gap Analysis

Architecture Exploration for Distributed Embedded Systems: A
Gap Analysis in Automotive Domain
Academia has investigated ways to provide automated support for distributed embedded system architecting (DESA) for more than 10 years. A
large amount of DSE methods have been published to solve this problem.
However, these methods are still not well adopted in the automotive industry, with the reasons remaining unclear.
In order to clarify the reasons, Paper E proposes the following research
question. How well do the current DSE methods reflect the practical architecting context?
The architecting context is defined by the decision making process
and the architectural concerns from all the stakeholders. To answer this
research question, the major contribution of Paper E is a gap analysis between the current state of the art (SOTA) on DSE methods for DESA and
the corresponding state of practice (SOP) in the automotive industry. The
gaps were investigated through the following two studies:
• SOTA study on DSE methods for DESA, with special focus on the
assumptions made to the architecting context and the potential DESA
methodology in the future.
• SOP study on DESA in automotive industry, along with gap analysis
between SOTA and SOP as shown in Fig. 19.
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Figure 19. Overview of the research contributions of paper E
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As shown in Figure 20, Paper E compares the architecting context assumed by most of the DSE methods and the one of automotive industrial
practice. Gaps have been identified from the following perspectives: Architecting scenarios, architectural decisions, quality attributes, cost model,
procurement strategy, system variability and functional safety.
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Figure 20. Comparison between the state-of-the-art DSE methods and the
practical architecting process in automotive industry

According to Paper E and [15], one of the biggest challenges confronted
by the architects is uncertainty. However, this is not addressed by almost all
the studied DSE methods. On the contrary, most of them request detailed
information such as a fixed hardware topology or the WCETs of tasks. In
addition, an entire model based design environment is another heavy as-
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sumption of the DSE methods. This might be possible in the future, but
represents a challenge for current practice.
Evolutionary vs. revolutionary architecting scenarios have not been distinguished by most of the DSE methods. Moreover, in both scenarios, the
practitioners normally have more freedom to improve the architecture than
the DSE methods assumed, such as to change the hardware topology or to
outsource some subsystems to the suppliers.
The quality attributes for architecting can be basically divided into
performance-related quality attributes (PRQAs) and cost-related quality attributes (CRQAs). PRQAs are used to evaluate the performance of each
individual product architecture. They are normally formulated from extrafunctional requirements from other stakeholders such as the function owners.
Examples of PRQA are E2E latency, resource utilization, safety and security.
Optimizing PRQAs may improve the brand reputation and thereby increase
sales volumes. CRQAs refer to the architectural techniques to reduce costs.
They normally come from the experience of the architects. Examples of
CRQA include flexibility, reusability and backward compatibility. Another
important quality attribute which belongs to neither PRQA nor CRQA is
the time to market. In practice, the architects need to estimate the time
to market for all the possible design alternatives based on their experience.
However, this is very difficult to be quantified and not covered by any of the
studied DSE methods.
In practice, problems regarding E2E latencies and schedulability are normally solved by the system owners, when most of the detailed information
is available. The DSE methods that consider both system level and ECU
level configurations were designed to holistically support both the architects and the system owners. Though this design cannot reflect the current
practical architecting process, it enables the possibility to achieve the globally optimal solution. Furthermore, considering the evolution of automotive
functionality, including more advanced motion control (e.g., for active safety
and autonomous driving), it is also clear that E2E timing analysis will become increasingly important in the future (i.e., the real-time requirements
will be increasing).
To summarize, the union set of all the studied DSE methods can largely
reflect the practical architecting context. However, different papers present
their DSE formulation with different emphasis. A generic platform to integrate all these DSE methods is still missing.

CHAPTER 6
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Discussion

This chapter discusses the connections between the contributions of the appended papers and their relations to the research questions proposed in
Chapter 4. Figure 21 illustrates how the appended papers contribute to
the platform-based methodology. Paper A presents our experience on how
to automatically extract the architecture models from the database of the
ECU source code. The recovered architecture can be used can be used
to support the construction of contracts of legacy components. Paper B
improves the problem formulation of DSE to reduce the design space by
utilizing the features of evolutionary architecting and the AUTOSAR layered architecture. Paper C proposes a method to automatically translate
architectural constraints into the corresponding MILP constraints. This enables the possibility for DSE methods to accept formal requirements. Paper
D investigates how collaborative driving functionalities will affect the software architecture. Paper E systematically analyzes the concerns of system
architecting and identifies the gaps between current DSE methods and the
corresponding industrial practice. The rest of this chapter presents how the
results of these papers respond to the research questions and the threats to
the validity of these results.

6.1

Response to the Research Questions

Three research questions (RQs) were proposed in Chapter 4:
1. How to achieve model-based architectural information from the database
of legacy artifacts such as source code?
2. How to improve the state-of-the-art DSE methods to accelerate its
industrial adoption?
3. To what extent will the adoption of vehicular communication affect
the automotive embedded systems architecture?
RQ1 was investigated in the context of the ESPRESSO Swedish national
research project. Paper A describes our experience in exploiting architecture recovery techniques to extract architectural models from the database
of ECU source code. With the help of the extracted models, model-based
analysis and verification were enabled. However, the extracted architectural
models were still not enough to perform DSE, which also needs the detailed
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Figure 21. Relationships between appended papers and the platform-based
methodology

properties of the SW-Cs such as timing and resource utilization. These properties of legacy SW-Cs are normally managed by documents. As studied in
Paper E, physical interfaces of the ECUs should also be considered by the
DSE methods. This kind of information has been considered by the later
progress of the ESPRESSO project through master thesis work as described
in [47].
Regarding RQ2, Paper E provides a systematic gap analysis between
the state of the art (SOTA) on DSE methods for system architecting and
the corresponding industrial practice. Identified gaps are analyzed from the
following perspectives: architecting scenarios, architectural decisions, quality attributes, cost reduction, procurement strategy, system variability and
functional safety. DSE methods can be improved in terms of computation
efficiency and the generality of the problem formulation. Paper B reduces
the design space by utilizing the features of AUTOSAR and evolutionary
development. Paper C proposes a method to automatically formulate customized architectural requirements, so that the architects have the freedom
to try their own ad-hoc architectural constraints or to do what-if analysis
with different architectural constraints.
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Paper D attempts to answer RQ3 by investigating the implementation
of the vehicular communication subsystem through a case study. It proposes
a solution to harness the openness of the collaborative driving system to
maintain the predictability of its behavior. This solution enables the tradeoff between quality of service and system cost.
As mentioned before, another lesson learned from GCDC was the experience of evolutionary architecting, which can also help to answer RQ2. This
experience has not been published in any academic papers. The findings
from this experience are described in the next section.

6.2

Evolutionary Architecting - the GCDC Case Study

Architecture design was conducted at an early phase of the whole development. We had two different types of ECUs, on which software components
can be implemented. One was a general purpose embedded computer that
is computationally powerful and supports Simulink code generation. The
other one was a dedicated controller for vehicular communication, having
sufficient peripherals for vehicular communication, but low computational
power. Beside the software architecture of the vehicular communication subsystem described in Paper D, other architectural decisions made during the
development include:
• Functional design
• Function modularization;
• Function allocation;
• Communication design.
As described in [48], we were participating with two totally different
vehicles: an electrical research concept vehicle (RCV), developed by the
integrated transport research lab (ITRL)5 of KTH, and a commercial heavy
duty truck from Scania. These two vehicles have different architectures of
their embedded systems including different interfaces to add new ECUs. In
addition, they have different size, shape and kinematic models, hence request
different motion control algorithms for automated driving. To reduce the
5

ITRL official website: https://www.itrl.kth.se/
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development time, the added functionalities should be properly modularized
to achieve maximum reusability.
As studied in paper E, this kind of reusability is also commonly considered in the automotive industry since in most of the cases, new functionalities need to be added to different variants under the same product line.
However, the real evolutionary architecting can be much more complex due
to the following reasons.
• The architecting for GCDC was only a special case of evolutionary
architecting where no change was made to the existing architecture;
• Functional safety was not considered during the development for GCDC.
Taking redundancy into account to increase functional safety would
further complicate the architecting;
• The architecting for GCDC did not need to consider the cost related
quality attributes such as flexibility and backward comparability.
The design space for function allocation was relatively small for the
GCDC case, since we only had two ECUs and most of the SW-Cs were
pre-allocated. Only a few SW-Cs can be moved between ECUs. During the
allocation, we considered the communication load between the two ECUs
and also the reusability of the vehicular communication ECU. The final result of the architecting was that the vehicular communication ECU can be
freely reused between the two participating vehicles; and most of the SW-Cs
on the other ECU can also be directly reused.
Another lesson learned from GCDC was that the development deadline will bring architectural impacts. In the industrial architecting case,
the deadline is the time-to-market; while in our case, the deadline was the
competition date. There actually were better architectural solutions for the
RCV since the architecture of the RCV is changeable. In order to finish the
development before the competition, we decided to prioritize reusability and
not to change existing architecture of the RCV. Therefore, as mentioned in
Paper E, good system architects should be able to estimate the development time of different alternative solutions based on their experience. In
terms of DSE methods, the estimation of development time is almost impossible. Therefore, the DSE methods should be able to provide several
architectural suggestions for the architects to compare.
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Threats to Validity

This section discusses the threats to the validity of all the appended papers.
6.3.1

Paper A

The hypothesis proposed by paper A is that architecture recovery is a suitable solution for the automotive industry to adapt legacy development artifacts to the model-based design environment. The technical feasibility of
this solution was validated by the developed toolset, which parsed the source
code in three different ECUs and correctly extracted the architecture model
based on the predefined meta-model. The effectiveness of the solution was
verified by demonstrating the two front-end application to the system developers in Scania. A recurring comment was that the tool will help with
system overview, understanding and impact analysis.
The main threat to the validity of this work is the risk that the situation in Scania cannot reflect other automotive OEMs. According to the
study performed in Paper E, the lack of models for legacy artifacts is quite
common in automotive industry. However, one of the differences between
Scania and other OEMs it that Scania maintains much more in-house developed software. Around 50% of the software is developed in-house. In this
way, the automated extraction of architecture models from legacy source
code may bring more benefit to Scania.
6.3.2

Paper B

The major contribution of paper B is the new problem formulation method
that reduces the design space by utilizing the characteristics of AUTOSAR
architecture and evolutionary architecting. The experimental results verified
the effectiveness of this formulation. Therefore, there are two main threats
to the validity of the effectiveness. The first one is the risk of insufficient
verification; and the second one is the risk of the invalidity of the assumption
made to evolutionary architecting.
In order to mitigate the first threat, the proposed formulation was verified using two different solvers namely the MILP solver and the genetic
algorithm solver of MATLAB. Both experiments provided similar results.
Even though most of the MILP solvers use similar branch-and-bound algorithms, they may have different pre-processing algorithms, whose purpose is
also to reduce the design space. The effect of different pre-processors on the
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effectiveness of the proposed formulation was not fully verified. Therefore,
as a future work, the proposed method should be tested on multiple solvers.
As to the second threat, Paper E claims that task allocation is not
the only decisions that need to be made during evolutionary architecting.
Therefore, the proposed method only works for a particular situation where
only task allocation needs to be decided. As argued in Paper B, this formulation can be integrated with other architectural concerns, as long as they
can be formulated as MILP constraints. However, this integration is difficult
due to the increased complexity of the problem formulation.
6.3.3

Paper C

The main contributions of Paper C are the formal representation of architectural constraints and the formulator that can automatically transform
the formal architectural constraints to the corresponding ILP constraints.
As mentioned in Paper C, this work was based on three major assumptions:
1. Most of the architectural constraints regarding embedded system architecture can be described by one or several compound Pseudo Boolean
propositions CPBPs;
2. All the data in the architectural model is measured data or estimated
data, therefore it is accurate to a certain decimal place;
3. The CNF conversion is performed by a third-party CNF converter
whereby all the customized CPBP constraints can be converted into
CNF within reasonable size and time;
Assumption 2 was considered to be reasonable since it is the common
case. Not all CNF converters can satisfy assumption 3 since some of them
may generate a CNF formula, whose size is exponentially larger than the
input formula. The Tseytin transformation [49] can satisfy assumption 3 by
introducing additional intermediate variables. Therefore, the main threat
to the validity of this work is the risk of the invalidity of assumption 1.
To mitigate this risk, a literature study was performed on relevant DSE
methods. The result showed that CPBP can express most of the architectural constraints that have been considered by the studied DSE methods,
but not all of them. Some of the constraints request integer variables rather
than Pseudo-boolean variables, like the time budgeting constraints in [50].
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So far, these constraints have to be formulated manually. The manually
formulated constraints can be solved together with the automatically formulated ones.

6.3.4

Paper D

The main contributions of paper D are the discovery of the receiving bias
problem and the suggested RED based solution. However, the solution was
not fully validated in the GCDC competition due to the limited number of
participating vehicles, which cannot overload the communication subsystem.
The receiving bias problem was observed from simulation and the solution
was also tested by simulation. Therefore, the major threat to the validity of
this work is related to the fidelity of the simulation model. In paper D, it
is mentioned that the receiving bias problem is caused by the deterministic
and periodic message drop due to the periodicities of both message senders
and the message decoding process. In order to improve the fidelity, we investigated the potential influences on the periodicity of the message receiving
and analyzed how these influences would mitigate the receiving bias problem. Furthermore, our simulation model has also been validated against a
commercial vehicular communication device.

6.3.5

Paper E

The main contribution of paper E is the gap analysis between SOTA and
SOP on DESA. Two threats to the validity of the gap analysis are the risk
for incompleteness of the understanding of the SOP and the SOTA.
The risk of the incompleteness of the SOP study highly depends on the
the following three aspects: 1) the comprehensiveness of the SOP literature
study, 2) the coverage of the list of questions for the interviews and the
3) representativeness of the interviewees. The risk regarding the first two
aspects is mitigated by the semi-structured approach for the interviews.
Most of the questions are open so that the interviewees have the freedom
to express their experience. The findings from the interviews are further
validated by the literature study on the same topic. The representativeness
of the interviewees is related to the diversity of their affiliated OEMs. The
interviewees were from five different OEMs in two countries. These five
OEMs are also diverse in terms of sales volumes and percentages of in-house
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developed software. Some of the interviewees also have experience from
more than one automotive companies.
The incompleteness of the SOTA is highly related to the keyword list
adopted for the literature search. To mitigate the risk, the literature search
was performed iteratively to evolve the keyword list. In addition, the detected gaps were also added to the keyword list.
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Conclusion and Future Work

The overall goal of this thesis has been to facilitate the architecting processes of distributed embedded systems through automated support in the
model based development environment. Methods for automated support
have been analyzed and enhanced by considering the past (how to adapt
legacy development artifacts into the model based environment), the current (how to improve the state-of-the-art DSE methods to provide better
architecting support) and the future (the architectural impacts from future
functionalities).
Regarding the research goal, Paper A validates that architecture recovery
techniques are effective and efficient for the automated architecture modeling of legacy systems. If both legacy systems and design requirements are
managed by models, DSE methods can provide automated support for system architecting such as architecture suggestions and what-if analysis. DSE
methods are improved by this thesis in terms of the generality of the problem formulation and the efficiency of the computation. A new problem
formulation was proposed in Paper B to reduce design space, utilizing the
features of evolutionary development and the AUTOSAR layered architecture. Paper C enabled the customizability of architectural specifications for
ILP-based DSE methods by proposing an automatic formulation method. In
addition, Paper E analyzes assumptions made by DSE method designers in
academia and how they correspond to industrial architecting practices. Paper D investigates the potential architectural problems brought by vehicular
communication.
In the future, this thesis work can be extended in the following ways:
• For the architecture recovery work, the coverage of the meta model can
be extended to consider for example system variability, pin utilization
of the ECUs and the timing properties of SW-Cs and ECUs.
• A domain specific language should be proposed to formally describe
architectural constraints. This language can be used as the input of
architecture validation and also DSE.
• As to the gap analysis work, in order to further validate its result, the
result should be presented to different experts in this area and also the
architects from other automotive OEMs than the interviewed ones. A
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general taxonomy is also needed to cover both the DSE methods and
the practical architecting methods.
• Problem formulations of DSE methods should be improved based on
the result of the gap analysis. For example, the whole product line
should always be considered when optimizing system architectures.
The heterogeneity of the systems should be comprehensively considered.
• The architectural impact of autonomous driving should be investigated.
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