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Chapter 1

Introduction

1.1 Context and Motivations

In the field of automatic control system, one of the interesting scientific branches is the study on
the control of Discrete Event System (DES), which is extensively involved in different application
domains such as manufacture system, electric system, traffic system, etc. DES is an area
concerned with systems usually discrete in time and state space, driven by instantaneous events
other than (or in addition to) the tick of a clock and ‘nondeterministic’ in the sense of making
state-transitional choices by internal chance or other mechanisms not necessarily modeled by the
system analyst [1].

Supervisory Control Theory (SCT), firstly introduced by Ramadge and Wonham in 1987 [2], is
one of the most important academic theories for Automatic Control (AC) of DES. With SCT, the
requirements which are checked afterward in traditional engineering are used as input for
generation of the design of the controller that is correct by construction. By the scientific
achievements within the past several decades, the framework of SCT forms a systematically
formal paradigm to synthesize controllers for DESs and a series of concepts and methods are
proposed, such as supervisor synthesis [3], controllability [4], observability [5], and supremal
sublanguage [6] [7]. Attempts to apply SCT to industrial problems encountered the barrier
notorious as exponential state space explosion, different control architectures such as modular
control and distributed control are consequently proposed by related research works [8-11].
Nowadays, there are still a lot of emerging contributions which continuously push forwards the
front edge of SCT. Some contributions focus on the extending SCT to other formal models rather
than automata, such as Extended Finite Automata (EFAs) [12] [13], Binary Decision Diagrams
(BDDs) [14] and Petri Nets [15] [16], etc. Other contributions are devoted to the study on
application of SCT in real systems. The results show that SCT can be widely applied in the control
on DESs of different industrial domains, which include a number of case studies such as
autonomous robot [17] [18], power management [19] and health care system [20]. In addition,
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Context and Motivations

some researchers study on the implementation architecture of SCT. As PLC (Programmable Logic
Controller) plays an important role in industrial automation applications, efforts are made to
achieve the implementation by PLC controller [21] [22]. Besides, a part of contributions focus on
performing control simulation based on SCT paradigm supported by toolkits such as
STATEFLOW [23] [24].

However, despite the academic achievements of SCT, there are still gaps between the theoretical
development and applications of SCT in engineering practice. The state-of-the-art SCT-based
modeling process for AC is composed of three main phases: formalization, supervisor/controller
synthesis and implementation [25]. In this process, SCT provides a theoretical basis for behavior
analysis of components and constraints in the form of formal models. On the other hand, the
typical system development process in engineering context is usually based on VV-model [26-28],
which can be divided into a series of phases: requirements analysis, functional analysis, design
synthesis, implementation traceability and validation. For each modeling phase of V-model, a
variety of models are built to present the different aspects of the studied system including structure,
requirements, function and behavior, etc. Compared with V-model, several issues can be found in
the typical SCT-based process:

® The formal models of SCT just represents the behavior aspect of the system and the structure
models such as concepts, components, the interfaces or interaction can hardly be identified;
Besides, there is lack of models representing the traceability within SCT paradigm.

® The SCT doesn’t provide the global modeling process from analyzing and decomposing the
informal requirements to sub-systems to transform models to implementation.

In fact, the issues above attribute to the limitation of modeling scope of formal model within the
SCT paradigm. Therefore, it becomes our focus point in this study that how the modeling scope of
SCT paradigm can be extended with the help of other modeling languages and methods so as to
form an development framework for AC in engineering practice.

The Model-Based System Engineering (MBSE) provides the possibility to deal with the
limitations of SCT. MBSE is the actual state-of-the-art global design process in engineering
practice. Some case studies and scientific projects show that MBSE is practical and prospective
system development technology [29] [30]. On the other hand, MBSE are supported by a number of
methods, modeling languages and toolkits. Compared with conventional engineering process,
MBSE provides model-based approaches rather than document-based ones. Particularly, SysML is
a general-purpose modeling language for MBSE, which supports the specification, analysis, design,
verification and validation of a broad range of systems [31-33]. SysML defines nine kinds of
diagram providing comprehensive description for system design, which can be used to cope with
the limitation of formal models. The existing modeling propositions are investigated based on
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formal language and MBSE method. Unfortunately, all of the existing contributions more or less

have their limitations for the target of dealing the limitations of SCT and there is still gap in this

research domain. Therefore, in this dissertation, it is of great interest and necessity to propose an

integrated modeling framework based on SCT and MBSE.

1.2 Contributions

The main objective of the work is to propose a novel modeling framework for DES AC by

combining Supervisory Control Theory with Model-Based System Engineering, in order to

overcome the existing limitations of SCT. The main contributions of the work are as following:

® Based on the comparison between SCT-based process and MBSE process, the limitations

of SCT are identified and validated. For the purpose for dealing with the limitations SCT,
this study investigates and analyzes the SysML models which are necessary for AC from
the perspective of MBSE.

The MBSE modeling framework which integrate SysML models and SCT paradigm is
proposed. Ten SysML diagrams are defined to present different aspects of the system
description along with the modeling process. A case study is presented to validate the
applicability and improvement of the proposed framework compared with typical one.

The gap of formal model and SysML model are bridged. We investigate concepts and
elements exclusively within SCT paradigm, such as controllable/uncontrollable event,
plant/specification/supervisor by SysML elements. Besides, the methods of modeling and
traceability verification which link formal models and SysML models are proposed.

1.3 Outline

This dissertation is structured as following:

Chapter 2 presents the state of the art of Supervisor Control Theory and Model-Based
Systems Engineering Methods. The typical modeling process of SCT is compared with
MBSE process and existing limitations and issues of SCT are discussed. Besides, the
possible solutions are reviewed and discussed.

Chapter 3 introduces the global modeling process of the proposed framework for AC by
integrating SCT and MBSE. The necessary models we need to describe a DES control
system and the model types which should be used for modeling are analyzed based on the
MBSE viewpoint. The details of the proposed framework such as sub-processes, models,
activities, methods and input/output of each step are presented.

3
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® Chapter 4 presents the methods for dealing with the consistency problems between formal
models and SysML models faced in the proposed framework. Aimed at formalization of
plants and specifications respectively, different solutions are proposed and detailed in this
chapter.

® Chapter 5 presents a case study based on the proposed modeling framework. A global
design process of controller for Customed Power Park (CPP) and the modeling results for
each step will be detailed. Besides, some more situations will be discussed to verify the
modeling scope of proposed framework.

A conclusion and global perspectives are commented at the end of this dissertation.
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Chapter 2

Research Context and Problem Statement

2.1 Introduction

The Supervisory Control Theory (SCT) is one of the most important modeling theories for DES
AC. Since the Supervisory Control Theory was introduced by Ramadge and Wonham in 1987 [2],
the theory has developed prosperously in the academic field and a large number of contributions
come out. The large number of application shows that SCT can be widely used in a variety of
academic contexts.

However, despite the academic achievements of SCT over last several decades, there are few
application cases in engineering practice. By reviewing related state of the art of SCT paradigm
such as the concepts, the supervisor synthesis approach and typical modeling process, the existing
limitations which lead to the gap between academic and engineering are recalled. On the other
hand, from perspective of the engineering process, the investigation of the model-based system
engineering is furthered to specify the limitations of typical modeling process in SCT and the
interest and feasibility of integration of MBSE and SCT will be detailed.

In this chapter, based on the reviews on both SCT and MBSE and the comparison of these two
domains, the issues and possible solutions will be discussed and the objectives of this study will be
presented at the end of this chapter.

2.2 Supervisory Control Theory

In this section, the application, theoretical concepts, methods and modeling processes of SCT are
reviewed. With regard to the challenge and limitation faced by SCT, existing issues within the SCT
paradigm are discussed.
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2.2.1 Goals of SCT

2.2.1.1 Automatic Control for Discrete Event System

System is one of those primitive concepts whose understanding can be defined in different ways
according to different contexts. There are two common salient features among these definitions.
First, a system consists of interacting “components”, and second a system is associated with a
“function” it is presumably intended to perform [34].

In the scientific domain of automatic control (AC), the model of system can be partially classify in
a way shown in Figure 2.1 [34]. In Continuous-Variable Dynamic Systems (CVDS), the state
continuously changes as time changes and the model is usually a differential equation on the
variable of time. With every “clock tick” the state is expected to change, since continuous state
variables continuously change with time. However, in event-driven systems, the state changes only
at certain points in time through instantaneous transitions. In between event occurrences the state
remains unaffected.

Definition 2.1 (Discrete Event System): is a discrete-state, event-driven system, that is, its state
evolution depends entirely on the occurrence of asynchronous discrete events over time.
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Figure 2.1 Partial classification of system [34]

Two aspects of DES are usually on focus at academic level. The first focus is on the formalization
of DES. As the mathematic model of time varying dynamic system represented by differential
equation and difference equation, the model which can accurately represent the system behavior is
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of vital important. In DES, a number of modeling formalizations have been proposed such as
automaton, Petri Nets, CTL, etc. On the other hand, another focus is on the methods of analysis,
control, verification and simulations.

Supervisory Control Theory (SCT), firstly introduced by Ramadge and Wonham in 1987, is one of
the most important academic theories and formal modeling paradigms for DES formalization,
supervisor synthesis and verification. In CVDS, closed-loop (feedback) control is usually used to
regulate the system performance based on the established target. Similarly, SCT takes advantage of
“feedback loop” to achieve the real-time control on DES [34]. In the supervisory control paradigm,
a supervisor continuously gets state information from the system and the environment, and feeds
control information back to the system, in order to enforce some functional properties: either make
invariant a given behavior which the system should always feature, or enforce a target
configuration, which the system should eventually reach [35].

The controller and system to be controlled are formalized at the abstracted level within the SCT
paradigm. The SCT provides algorithms for the synthesis of supervisory controllers from their
specifications: a supervisor is computed from two distinct automata representing a given plant and
the specification that describe the required controlled behavior of plant [25]. Therefore,
supervisors operate synchronously with the plant to restrict the behavior of the plant to respect the
specifications. Besides, recent studies have also proposed the SCT paradigm modeled by Petri
Nets [15] [16] [36], which are out of the scope of this study however.

2.2.1.2 Application

Since the year when SCT was introduced by Ramadge and Wonham, the theory caught great
academic interest and a large number of applications and solutions based on SCT emerge in
endlessly over decades. The application cases which involve a wide range of domains prove the
applicability of the theory and prominence in the AC community.

A. Manufacturing System

Manufacturing system is one of the application domains attracting earliest academic focus. The
research team of Queiroz and Cury contributed a lot for SCT application in the domain of
manufacturing system. In [22] [37], authors introduced SCT-based solution for coordinating
equipment operation in a flexible manufacturing system, which usually consists of workstations,
robots and buffers, which are modeled by plant. On the other hand, the producing processes are
usually modeled by specifications. Local modular supervisors are converted systematically into a
PLC application program and the solution allows one to use existing PLC hardware and software
designed for the sequential control of subsystems.
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The case studies show that SCT are quite applicable for AC of manufacturing system. Plants and
specifications are used to model the behavior of operation units and manufacturing processes
respectively. Methods for SCT implementation by PLC, which is widely used as concrete
controller in manufacturing systems, make it prospective for SCT application in this domain.

B. Autonomous Robot

In [17], authors demonstrated an approach for formally synthesizing control software for a set of
cooperating ground robots, which is based on modular supervisory controllers that are guaranteed
to meet a given set of logical specifications. In the study, the behavior of each robot is modeled by
plant and task precedence constraints are modeled by specification. The study explained how the
supervisory level of control interacts with the robot-level algorithms that control each robot’s
heading and velocity. In [18], authors present a method for mobile robot navigation in industrial
environments in which the open-loop behavior of the robot and the specifications are based on
automata. A modular supervisor is built, which is the conjunction of two supervisors: the first one
that enforces the robot to follow the path defined by a planner and the second one that guarantees
the satisfaction of the specifications such as prevention of collisions and task and movement
management. The modular supervisor is embedded in the mobile robot, whereas the planner runs
in an external agent (plant), which makes the adaptation of the proposed navigation architecture to
different environments easy. In [38], authors introduced an application of SCT on warehouse
automation using mobile robots. The warehouse automation can be expected to provide a solution
to the labor shortage problem so that it is a prospective and important application to meet the
challenge of population decline. The supervisory control is used to realize navigation for assigned
tasks. In the study, the supervisory control is implemented by the platform LEGO MINDSTORMS
EV3 with an external laptop computer to realize a wireless communication. [39] presents a method
for modeling and controlling autonomous mobile robots by SCT. In this study, through a sumo
robot for competitions, are showed a systematic procedure for the modeling, design and
implementation of the supervisor in a real controller, which provided a fast and efficient way to
create strategies for robot attack and defense on the fly. The review shows that the robots in
different domains can be applied by SCT. Plants and Specifications are usually used to model the
behavior of robot and constraints for tasks respectively. The supervisory control can be
implemented in different ways for robot: the industrial robots usually use PLC controller while the
small scale mobile robots use microcontroller to realize supervisory control.

C. Electrical System

[23] introduces an application of a solution for the electric Vehicle Scheduling Problem (eVSP). A
supervisory control is used to manage the power admission control of a group of local Plug-in
Electric Vehicles (PEV). The admission control problem is formulated in the framework DES by
creating the DES model of appliances and control specification. A supremal non-blocking
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controller is designed so as to handle requests from PEVs while meeting the grid limits and fairly
distributing the capacity among PEVs. Another case study of power park management in the
application scene is power delivery networks, introduced by the same research team in [19]. A
supervisory control is developed for high level control of the operation of a typical custom power
park (CPP) using SCT. In this study, the behaviors of each electrical appliance are modeled by
plants and the reaction strategy for different power qualities are modeled by specifications. Three
modular supervisors are synthesized to realize the supervisory control for guarantee the high
quality power to the loads. In [24], authors introduced an application of SCT in admission control
of thermal appliances in the context of smart buildings. The scheduling of thermal devices
operation is formulated in the framework of DESs, which allows for the modeling and design of
admission control to be carried out in a systematic manner and ensuring the existence of the
feasible scheduling prior to exploring control solutions. In [40], authors proposed an approach to
manage the control responses to deploy in a High-\Voltage Direct Current (HVDC) grid based on
SCT. A decentralized grid control which focuses on local control and limits the number of
non-critical events to be communicated is synthesized. These case studies in this domains show
that the behavior of electrical components can be formalized as plants and power management
strategies are modeled by specifications. Besides, in [19] [23] [24], the simulation studies are
carried out in MATLAB and STATEFLOW. The simulation results validate the effectiveness and
functionality of supervisory control.

D. Others

Apart from the aforementioned application domains, more case studies can be found in other
domains. In [41], authors introduced a case study of development of control system of Multi
Mover (theme park vehicle) based on SCT. The components on the vehicle are formalized by
plants and three safety-related control strategies are modeled by specifications. The supervisor
synthesized for the theme park vehicle has successfully been implemented and integrated in the
existing resource-control platform. In [42], authors showed the applicability of SCT to the design
of controllers for waterway locks. The controller is implemented by PLC and a code generation
algorithm is implemented to generate structured text (ST) PLC code. The results achieved in this
case study presents the applicability of the procedure for supervisor synthesis and automatic PLC
code generation for industrialized systems. In [20], author proposed an application of SCT for
Healthcare MRI scanner development. In this study, author applied SCT in two cases respectively,
namely the patient support table and the patient communication system. Each case is modeled by a
monolithic plant and requirement. In this study, the author focuses on the use of SCT to realize a
formal development process instead of conventional process. The formal process shows its
advantage in control code generation. In [43], authors used SCT to develop command sequences
and fault recovery of a spacecraft propulsion subsystem. The supervisor controls the system in
such a way that the design specifications are satisfied in both normal and faulty modes of
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operation. In this study, authors extend the concept of supervisory control by “robust”. The study
shows the use of robust supervisor is necessary in many aerospace systems when we try to solve
the control and fault recovery problem.

2.2.1.3 Discussion

The growing complexity of the controllers, the demand for reduced development time, and the
possible reuse of existing software modules result in the need for a formal approach in engineering
practice [25]. The large number of case studies shows that SCT can be widely used in a variety of
application domains and adopted by researchers thanks to its rigorous formal methods from
formalization to implementation. According to the investigation result of applications, the major
industrial ACs which need the help of formal approach of SCT usually have such features as
follow:

Flexibility: In the field of engineering systems design, flexibility refers to designs that can adapt
when external changes occur. Flexibility for an engineering system is the case with which the
system can respond to uncertainty. The Flexible Manufacturing System (FMS), as introduced in
the aforementioned cases in [22] [27] is a representative system with feature of flexibility. The
covers the system's ability to be changed to produce new product types, and ability to change the
order of operations executed on a part or ability to use multiple machines to perform the same
operation on a part. The challenge of AC on flexible system structure or changeable tasks requires
powerful approaches to guarantee that the designed AC can perform correctly and avoid such
failures as blocking or unexpected system behavior. Apart from FMS, the feature of flexibility can
also be found in other systems such as autonomous robot, whose trajectory are determined
according to different control targets, and electrical system, which usually has to handle uncertain
failures.

Complexity/large-scale: A complex or large-scaled system is a system which is generally
composed of a couple of interconnected systems, possess different local dynamic behaviors, are
equipped with multiple control loops and operate under different local environments and varying
loads. Nowadays, industrial systems, such as FMS, power network, sustainable energy systems,
transportation systems, and so forth, are becoming more complex, which have higher requirement
for operation performance, productiveness, availability, reliability, and safety. Therefore,
enormous challenges have great impacts on improving to development techniques in modeling,
monitoring, and AC for complex industrial systems.

To face the challenge of AC on the systems above, formal approaches can be made the use of as
excellent technique for modeling, development, synthesis, verification and validation of AC. In the
applications, the SCT has been proven to be a unified modeling framework to handle the control
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on different kinds of systems: the free behaviors of components are usually modeled by plant and
the control targets or processes are modeled by specification. Different control architectures are
synthesized for particular needs of each case study. On the other hand, the case studies show that
supervisors can be implemented by concrete logic controllers or simulation. In a number of case
studies, SCT are used to help to generate control code instead of conventional direct coding.

With the help of SCT, the development challenge can be handled faced in typical direct
implementation process. For engineering practice, SCT-based formal approach has the advantages
as follows:

- The formal approach provides rigorous mathematic modeling methods by which the modeling
and computation results can be proven to be correct by designer;

- There are numbers of existing theoretical methods and algorithms proposed within the SCT
paradigm which improve the reusability of the global modeling process;

- Based on the SCT, the verification of controller after synthesis and implementation is
eliminated, as SCT can guarantee the properties of supervisory control. SCT increases safety,
reduces the development cost and the cycle time and provides greater liberty for designers;

— Tool support is an important aspect for the application of formal approaches. In fact, a
number of tools have been developed. TCT and Supremica are two main tools to realize the
computation and verification of supervisory control. Other formal verification tools such as
UPPAAL and NuSMV are usually used for formal verification and model checking.

In fact, the engineering can benefit a lot from formal approaches. Nonetheless, although SCT
perform well in these case studies at scientific level, the case studies of SCT can hardly be found
in engineering practice. Therefore, the study on the theoretical paradigm is furthered for the
purpose of investing this issue of SCT.

2.2.2 Theoretical Concepts

The SCT has formed its systematic theoretical framework by scientific contributions. It includes s
series of concepts, models and methods aimed at formalization and supervisor synthesis. This
section presents an overview of the theoretical concepts within the original theory for supervisory
control to briefly introduce the fundamental modeling principle of this paradigm. More details
about SCT can be found in [34] or Appendix A.

11
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2.2.2.1 Classification of Model

Models are expressed in some modeling language, and depending on the nature of the language,
can be informal, semi-formal, and formal [44]:

® Informal models are expressed using natural language or loose diagrams, charts, tables, etc.
They are genuinely ambiguous, heavily rely on human intuition, and no software tool can
analyze them objectively;

® Semi-formal models are expressed in a modeling language that has a precisely-defined syntax,
conveys some intuitive meaning, but has no formal (i.e., mathematical, self-contained,
unambiguous) semantics. Examples of semi-formal specification languages are class diagrams,
data flow diagrams, decision trees, entity relationship models, object models, pseudocode,
state diagrams, etc.;

® Formal models are written in a language that has a precisely defined syntax and a formal
semantics. Examples of formal specification languages are algebraic data types, synchronous
languages, process calculi, automata, etc.

2.2.2.2 Formal Language and Automaton

The modeling paradigm of DES defines the behavior as a collection of sequences of events. The
system is usually assumed as asynchronized which means only one event may occur at each
moment. To model the behavior of a DES, the original SCT framework takes advantage of two
formal models: formal language and finite-state automaton.

Definition 2.2 (Formal language): Each DES has an associated underlying event setx called an
alphabet. A sequence of events from the alphabet is called a “word” or “string”. An empty event
string is denoted by & . We denote the cardinality of an event setx as| = |. For a particular event set
¥, we denote its set of all possible finite strings of events by =*. A formal language defined over
an event sets is a subset of ="

Formal language, which is known as a kind of regular languages, specifies all admissible
sequences of events that the DES is capable of “processing” or “generating”, while bypassing the
need for any additional structure. Actually, regular languages are seldom directly used to present
the system and they are more suitable to prove properties. The reason is that regular languages are
not intuitive way to model and present a repetitive behavior of system. Instead, the most usual
modeling artifact is the finite state automaton [35].

Definition 2.3 (Finite-state automaton): A finite state automaton is defined as a 5-tuple:

12
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GZ(Q, 21 5’ qO’ Qm)

Where,
Q is afinite set of states;

2 is a finite set of events associated with G ;
0:QxX —Q is the transition function;
g, isthe initial state;

Q,, = Q isaset of marked or accepting states.

Definition 2.4 (Active event function). Define active event functionI": Q — 2> as following:

I'(q) ={c | 9(q, o) isdefined}

Note that if there cannot be two transitions with the same event label out of a state, we call G a
deterministic finite-state automaton. The event set X includes all events that appear as transition
labels in the state transition diagram of automatonG. States are marked when it is desired to
attach a special meaning to them. Marked states are also referred to as “accepting” states or “final”
states. The transition function ¢ is usually a partial function. Thus each state can be associated with
a set of events which are admissible at that particular state, i.e. for whichI"(q) is defined.

The regular language and automaton are not two uncorrelated models. In fact, each regular
language defined on a finite set of events can be generated by a deterministic finite state
automaton. Therefore, there is equivalence between these two models [45].

2.2.2.3 Plant and Specification

In SCT, the model of behavior of the uncontrolled system is always called plant, which represents
the formal abstraction of system and indicates the relation between an input signal and the output
signal of a system without feedback, commonly determined by physical properties of the system. A
complex system may have several modular models of plant based on the components or
subsystems it consists of. SCT provides synchronous composition method to compose multi-plants
to be a global monolithic plant. Whether to choose modular plants or a monolithic plant depends
on the system complexity and control architecture in each particular case.

In order to constrain the free behavior of the system and make its behaviors respects the
expectation, it is necessary to define specifications. In SCT, specification is also be modeling by
automaton. Cassandra and Lafortune [34] introduce four typical kinds of specification shown as
follow (examples for these specifications can be seen in Appendix A):
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B lllegal states: specification identifies certain states of plant as illegal, then it suffices to
delete these states from the plants;

B State splitting: a specification requires remembering how a particular state of plant was
reached in order to determine what future behavior is admissible, then that state must be
split into as many states as necessary;

B Event alternation: a specification requires that two events occur alternately;

B |llegal substring: a specification identifies as illegal all strings of L(G)that contain

substrings, =0,0,..0, €.

In practice, the plants and specifications are usually modeled by people’s expertise and directly
formalized from the requirements. An issue of formalization exists: the use of an explicit model of
the plant and specification may therefore be necessary to identify the correct behavior of the
control realization, and to perform model analysis and control synthesis accurately [25]. Besides,
there is no existing technique to indicate if the constructed models respect to the requirements, and
all depend on the peoples’ experience.

2.2.2.4 Supervisor Synthesis

The Supervisor Control Theory paradigm regards any system as composition of a plant to be
controlled and a supervisor which ensures the control logic respect to the specifications. We
usually introduce the supervisor synthesis started by the system consisting of one monolithic plant
and one monolithic supervisor. The control feedback loop between the plant and supervisor is
shown in Figure 2.2.

S(s) 5

Figure 2.2 The feedback loop of supervisory control

Consider a DES modeled by a plantG=(Q, X, 5,0,,Q,) and assume that all the events inX
generated by G are observed by supervisor. A supervisor, denoted byS, is adjoined to interact
with G in a feedback manner. Here, let ¥ be partitioned into two disjoint subsets

S=3 UI,
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With, 2. is the set of controllable events;

2. is the set of uncontrollable events.

The transition function of G can be controlled by S in the sense that the controllable events of G
can be dynamically enabled or disabled by S. Formally, a supervisorSis a function from the
language generated by G to the power set of X:

S:L(G) 2

For each s € L(G) generated so far by G (under the control of S):

S(8) NI'(6(%,,5))

is the set of enabled events thatG can execute at its current state 9(X,,S). We call S(s) the control
action ats . In fact, the S(s) is determined by the specifications which is purposed to constrain the
behaviors of system.

There are two basic properties of supervisor should be verified during synthesis: the controllability
and nonblocking. The supervisor synthesis algorithm is the core of SCT, based on which the
resulting supervisory control on plants with regards to the given specifications is proved to be
controllable and nonblocking. SCT provides an iterative algorithm for supervisor synthesis and
property verification (refer to Appendix A).

2.2.2.5 State Explosion Problem

Generally, if the system is not complex, the centralized/monolithic control approach is enough to
synthesis one unique supervisor S on plantG (Figure 2.2). Unfortunately, to model a large-scale
system, the centralized approach cannot overcome the state-space explosion problem. The total
number of states of a plant model increases quickly when the number of local components
increases, due to the synchronous product which incurs Cartesian product [11].

5,(s)

S1

S, (s)

17 S2
AND

Snodi2 (5)

(a) Modular control (b) Local modular control
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(c) Hierarchical control (d) Decentralized control
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(e) Distributed control
Figure 2.3 Control architectures

A number of efforts focused on the methods to overcome this difficulty. One contribution proposes
the concept of modularity (shown in Figure 2.3(a)) [8], which is extended to the concept of local
modularity (shown in Figure 2.3(b)) [9]. In this control architecture, where the global supervisor is
local modular, a global nonblocking of supervisory control must be verified.

In [46] [47], authors introduced a hierarchical method (shown in Figure 2.3(c)) that decomposes a
system into two subsystems, and restricts the interaction of the subsystems by means of an
interface. Thus, the complete system model never needs to be constructed, offering potentially
significant savings in computational effort.

2.2.2.6 Distributed Control

In a system that have several “processing nodes” that are jointly controlling a given system, apart
from the modular control, decentralized control (shown in Figure 2.3(d)) and distributed control
(shown in Figure 2.3(e)) can also be used [48-50] to realize distributed control. A decentralized
discrete-event system is a global plant modeled as a DES with two or more observed event streams
and two or more inputs of enabled events. Each controller receives an observed event stream
defined by either a projection or a mask, and inputs a subset of enabled events. In contrary, the
distributed control usually has several local plants (agents) for large-scale DES. [51] studied the
design of distributed control for large-scale discrete-event systems. Supervisor localization
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approach is applied to allocate external supervisory control action to individual plant components
as their internal control architectures. In [52], author proposed distributed supervisory control
architecture for automated manufacturing system. This approach exploits modular models of the
plant and logical equations in Boolean algebra for constraints modeling, which can avoids the
combinatorial explosion of the state space.

2.2.3 SCT-Based Modeling Process: Principles and Limitations

2.2.3.1 General Process

[25] introduces the typical SCT-based development process by reviewing the state of the art of
synthesis and implementation methods. The overall process, shown in Figure 2.4, involves three
generic activities: formalization, synthesis (supervisor synthesis and control synthesis) and
implementation as follows:

(1) Formalization

The formalization of the informal specification is a human core capability. Two kinds of formal
models should be constructed. The models of specification formalize the desired behavior
constraints to be fulfilled by the controller or the controlled process according to the requirements.
Formalizing the required properties may also be a difficult task that causes many trials and errors
and requires a dedicated expertise related both to the plant (to express the constraints related to the
actuator and sensor operations and technology choices) and to behavioral model required for the
subsequent synthesis procedure.

(2) Synthesis

In synthesis step, two sub-activities are necessary to perform: supervisor synthesis and control
synthesis. The fundamental difference between a supervisor and a controller is that a supervisor
forbids the occurrences of some controllable events in view of maintaining the plant behavior in
legal states and sequences, while a controller acts by forcing the plant inputs in a way to achieve
the desired goal [25]. Within the SCT paradigm, the synthesis approach consists in synthesizing a
supervisor from a description of the plant and the specification. Such a supervisor aims at
enforcing the specifications while offering a maximum behavioral flexibility. The controller can be
regarded as the intermediate between formal supervisor and concrete controller. The controller is
built based on the control strategy. Although there is not systematic study on the control strategy
to transform supervisor to controller, a number of case studies have proposed their proper
solutions. In [53], the authors proposed a trajectory choice approach in order to make the control

behavior “deterministic”. The principle of the trajectory choice is to make sure the states in the
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automaton are all accessible and co-accessible. In [54], the authors developed an algorithm for the
generation of valid controllers which strengthened the coreachability property in order to
guarantee that a marked state is eventually reached, irrespective of the plant’s behavior. In [18],
the authors proposed a planner in the navigation architecture under supervisory control. The
planner, composed of several algorithms (including Dijkstra Algorithm), helps the modular
supervisor to select a best choice of following path.

(3) Implementation

Regardless in academic context or industrial context, the supervisor/controller is usually
implemented by concrete controller for validation, which is the target of this step. Based on the
different objectives, the implementation can be classified by two kinds: concrete logic controller
and simulation, which will be discussed in detail in the following part.

Informal
Specification

— —— —
— -_

Control
Realization

Implementation

~ Supervisor \
Model /

Specification
Model

Plant

Model Controller

Scope of SCT

Figure 2.4 Activities and models involved in AC development process for DES

Remark The concepts and terminologies in synthesis and implementation are important for the
following study. Therefore, the taxonomy of relevant terminologies is presented in Table 2.1.

Table 2.1 Taxonomy of terminologies

Formal Logic Physic
Concept Control architecture Control strategy Control implementation
Representation Supervisor Controller Concrete controller

2.2.3.2 Controller Implementation

The case studies present that kinds of concrete logic controllers which can be used to realize
supervisory control. As PLC is one of the primary executors of industrial automation, a lot of
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study contributed in the SCT implementation by PLC control program, which are written in
standardized languages, such as ladder diagram (LD), structured text (ST) or instruction list (IL),
or SFC (Sequential Function Charts) (IEC 61131-3). Other case study [39] presents the
supervisory control implemented by microcontroller from the Microchip PIC18F and dsPIC30F
families. In [55], an application of supervisory control implemented the ATS, which is aimed at
assisting RATP metro line management at the line control center to realize the traffic control and
security control.

In addition, a part of contributions focus on performing control simulation based on SCT paradigm,
which can be seen in case studies [19] [23] and [24]. The simulation is usually implemented by
STATEFLOW toolkit in Simulink, which enables modeling of the controller in for of state
transition based on signals from the workspace. It is also possible to send commands in each state
to the workspace. One points should be taken into account when implementation by simulation.
Physic characteristic of the controlled system components should be clarified when we want to
validate the control performance by simulation. As shown in [19], the effects of control action are
illustrated by the voltage change of three-phase AC. Therefore, besides the model of controller in
simulation model, we also need the models of physic system.

The principle of concrete logic controller is shown in Figure 2.5. Controller receives input signals
coming from sensors and send output signals to actuators, in accordance with control laws
implemented into a user program. A controller cyclically performs three tasks: reading and storing
the inputs, program execution, and outputs updating. The period of this task may be constant
(periodic scan) or may vary (cyclic scan). For the outside viewer, and specifically the plant, the
controller can be considered as a reactive system as the output signals change their state
simultaneously in response to the input signals, given that the scan time is short with respect to the
time constant of the plant.

Inputs l Qutputs

Program Initialization ‘

— L

| |
Inputs Reading and Storing
I L — | — _TL
1 > . Progr.am execution and . > |_ |
intermediate memory updating

l Qutputs updating |

I

Figure 2.5 Basic Principle of Logic Controller

Due to some common characteristics such as input scan cycle, nearly all types of controller will
encounter difficulties, which are systematically introduced in [56]. The study concluded five main
concerns when moving from asynchronous, finite automata model of the supervisor, to the
synchronous nature of, but not limited to, PLC control system. An interesting insight about the
related phenomena is given in [57].
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A. Inexact Synchronization

During the program execution a change in any controller input signal may occur and, this change
will only be recognized at the beginning of the next scan cycle. The control reasoning is always
performed on old frozen data. Therefore the communication between the controller and the plant is
subject to delays due to periodic reading of the input signals. This inexact synchronization can be a
problem when a change in a PLC input signal invalidates a control action (the choice made by the
program, which corresponds to the generation of a controllable event).

B. Binary signals and events

The SCT deals with symbolic events that can occur asynchronously at any instant of time, whereas
controller handles Boolean valued signals that are usually updated synchronously. Avalanche
Effect occurs when a change on the value on a given controller input signal is registered as an
event that makes the software jump over an arbitrary number of states within the same scan cycle.

C. Causality

SCT assumes that all events are spontaneously generated by the plant and that supervisors should
only disable events generated by the plant. However, controllable events on practical applications
are not spontaneously generated by the physical plant, but as responses to given control commands.
Thus, for implementation purposes, "who generates what?" must be answered.

D. Simultaneity

Due to the cyclical nature of the control processing in which input signals readings are performed
only at the beginning of each scan cycle, the occurrence of uncontrollable events from the plant is
recognized by the controller once there are changes in the input signals values. Therefore, if in
between successive scan cycles two or more signals change, they will all be recognized as
simultaneous uncontrollable events regardless of their exact timing. As a result, the controller is
unable to recognize the exact order of uncontrollable events that happen between scan cycles.

E. Choice

The supervisors obtained by the SCT are required to be “minimally restrictive”, which means that
the supervisors might provide alternative paths for the plant to choose from. Often a supervisor
presents more than one possible controllable event from a single state. Thus, before producing a
signal-change in the controller outputs it may have to choose only one among them because
according to [56], generating more than one controllable event in a scan cycle can be contradictory
and catastrophic. [58] shows that when the choice problem prioritizes the execution of a
controllable event over the other, the controlled behavior may be blocking, even though the
originating supervisor is deadlock free.
20
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In order to overcome the difficulties and narrow the gap between the supervisor and its
implementation, different control implementation approaches have been developed to provide
possible solutions. In [59], the authors propose a solution based on the reordering of controller
program instructions or the introduction of supplementary memory elements in controller
programs for the detection and elimination of the avalanche effect problem. [60] proposes a direct
transformation method from supervisor to PLC program. The main problems of supervisor
implementation on a PLC are pointed out and some solutions to alleviate the problems are
proposed. In [58] [61], conditions and algorithms are provided to guarantee that every
deterministic controller derived from the supervisor (i.e., whatever controllable event
corresponding to a controller order at a given state is chosen/enabled, supposing that only one will
be taken and the others will therefore be disabled) is nonblocking. In [21], solutions based on the
reordering of PLC program instructions or the introduction of supplementary memory elements in
PLC programs have been proposed for the detection and elimination of the avalanche effect
problem. [37] proposes a three-level model of PLC implementation for local modular supervisory
control. The proposition introduces the conceptual aspects of a systematic procedure to structure
and to detail the program to be implemented in a programmable logical controller. The proposition
can be used to the implementation of local modular control. In order to coordinate the control
action of local controller, the three-level structure is deliberately design. [62] presents a nine step
methodology, named DECONS9, to implement SCT into PLCs in standardized, efficient and robust
ways, closer to real size plants. The methods it allows the control logic to deal with many events at
each scan cycle, which improves existing approaches that are constrained to only one event at a
time and a nonblocking property is achieved due to the random selection of controllable events
approach that solves the choice problem. Besides, there is no fear of an avalanche effect thanks to
the use of auxiliary memories and uncontrollable events are prioritized. To sum up, the
implementation of supervisory control based on PLC platform is systematically studied and the
state-of-the-art methods are proven to be able to transform supervisor to PLC control program for
different control architectures.

Table 2.2 A summary of Solutions for implementation problems

Problem Solution

Inexact Synchronization [37] [62]

Binary signals and events [37] [59]

Causality [21] [37] [58] [60][61] [62]

Simultaneity [37] [60][62]

Choice [21] [37] [58] [60][61] [62]
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2.2.3.3 Problematic

Although a systematic theory is constructed for SCT according the aforementioned review, the
paradigm has its limitations from the perspective of engineering context. As shown in Figure 2.4,
the scope in SCT is limited the formalization and supervisor synthesis. Even if the controller
implementation is considered as the extension of SCT, when SCT-based process is applied in
engineering practice, several issues have to be faced:

Limitation 1: Formalization

The quality of the synthesis results highly depends on the relevance of the requirements proposed
by the engineering inputs. The formalization of the informal requirements and free behaviors of
the system to be controlled is one of the major difficulties facing the existing control synthesis
approaches in engineering practice [25].

Firstly, systems’ requirements are usually written in an informal narrative since it generally means
a greater understanding among the various stakeholders. On the other hand, formal models such as
automaton have unambiguous semantic, which means a sentence cannot be understood in different
ways. Most of case studies, however, achieve their controller modeling and implementation by
directly formalizing the requirement as the beginning. It is still difficult to link the formalization
and informal narrative requirements. For example, a controllable event defined as uncontrollable
event by mistake leads to problems for final results. In fact, the typical SCT-based modeling
process pays little attention to the verification of consistency between informal requirements and
formal specification in form of automaton. Besides, another limitation is lack of representation of
the link between the informal requirement and formal specification. In engineering practice, the
requirements must be traced and a number of tools such as requirement traceability matrix (RTM)
or graphic models (SysML requirement diagram) are used in the development process [63] [64].
The requirement traceability representation for formal models within SCT paradigm still unsolved.

Secondly, the formalization of free behavior of the system is also questionable. The identification
of plant from the system to be controlled is of important for engineering practice. However, few
contributions can be found to provide systematic methods. For example, the buffer, as a
component of physic system, is usually formalized by specification rather than plant. On the other
hand, in [18], the behavior of mobile robot is formalized by several plants. A contradiction can be
seen by comparing these two situations and a question can be put forward: how on earth formal
plants can be linked with physic system to be controlled? Indeed, in a number of contributions, the
plants are supposed to be formalized by identifying the signals from sensors and commands to
actuators, in accordance with control laws implemented into a user program [20] [25] and [30].
However, there is no study can be found particular for this point. Secondly, similarly to
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specifications, the verification of the correctness of plants is still unsolved, which is also important
for the result of supervisor synthesis.

Indeed, the requirement traceability is recognized as a concern in an increasing number of
standards and guidelines [65]. In engineering practice, the explicit trace relationship is of vital
importance to guarantee the product to conform to what we need. Compared with SCT-based
approach, the formalization problem which involves both plants and specifications leads to a lack
of traceability between formal models and inputs. The reason of this issue is due to the lack of
models within formal approach which can present the traceability.

Formalization and obtaining a precise formal model may be a difficult task, which are related both
to the plant (to express the constraints related to the actuator and sensor operations and technology
choices) and to the type of behavioral model required for the subsequent synthesis procedure [25].
The further study [66] has pointed out that human performance in problem solving in the context
of SCT play an important role although a number of software packages supports the modeling and
computation process. The result of the study shows that the visual appearance of the models is of
such great importance to the subject - as they spent about a quarter of the time adjusting the
appearance of the models. [67] indicated that when faced with a new problem, subjects frequently
engaged in drawing a simple diagram of interactions between parts of the system which needed to
be modeled.

Limitation 2: Structure Model

As the formal model can only represent the behavior of system to be studied, it is difficult to
describe the structure aspect, which includes both physic and logic. Several issues arise aimed at
this point. Firstly, the plant models which represent the free behavior of physic components are
totally unable to contain any information on the system structure. In the case studies reviews
aforementioned, the systems are simple and without any structure. However, the behavior of a
physic component can be modeled by a number of plants (e.g. in [18], the behaviors of robots are
formalized by several independent plants according to different modules). The gap between plants
and physic components leads to the problem: the consistency between plants and physic
components is unclear. Secondly, the supervisor/controller may also be structured. It is always the
case that all kinds of supervisor are structured except from the monolithic one when the control
architecture is modular or distributed. In Figure 2.3, a number of control architectures are
presented by schema. Unfortunately, there is no model can be used to explicitly describe the
details of the structure, which leads to misunderstanding or confusion for people who focus on the
AC in the engineering practice. Similar, it is still the case for controller as the controller can also
be structured according to different control strategies. In academic context, it is acceptable that the
structure can be illustrated simply by schemas; however, it is unacceptable as engineering practice
usually requires standardized forms of representation (such as SADT, SysML, BPMN and so on).
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The problems above arouse little academic attention and few contributions can be found.
Limitation 3: Implementation Model

In SCT-based process, the controller is implemented based on the supervisory control architecture.
Although a number of methods have been proposed to transform supervisor/ controller to concrete
controller, there is still gap between both of them. The existing contributions focus on how to
transform the supervisor to the software and hardware aspect of concrete controller is neglected. In
fact, it leads to problems of controller implementation. For example, in the study [37], the local
modular supervisors are implemented by PLC control programs in SFC. From the description of
the study, the control programs are deployed in one monolithic concrete controller. However,
modular control can also implemented by distributed concreted controller. Besides, the control
connections are not clear as no model can represent the internal details of physic control system
within the SCT paradigm. In fact, these two situations are due to ambiguity for hardware and
software and lack of the implementation models. The existing supervisory control architecture and
implementation methods are not able to specify the link between the models of
supervisor/controller and models of concrete controller, which is unacceptable in the engineering
context.

Limitation 4: Lack of engineering process

SCT paradigms provide the formal solutions for AC. However, there is no global framework to
standardize the modeling process useful for engineering practice. In fact, for each modeling step in
Figure 2.4 (p.18), a large number of different academic approaches for formalization, synthesis or
implementation have been proposed. On the other hand, it seems always the case that most
scientific contributions are classified into two parts: the supervisor synthesis and controller
implementation. In [48-50], contributions focus on theoretical method for supervisor synthesis,
while in [37] and [62], case studies that focus on how the supervisor can be implemented into
control program can be seen. Supervisor synthesis and controller implementation seems to be two
independent scientific domains. In contrast, engineers usually tend to take the advantage of
development process in which a methodical series of steps that engineers follow to come up with a
solution to a problem. Therefore, the lack of global modeling process of SCT leads to difficulty for
engineering practice.

Several contributions can be found of the focus on this issue [41] develops an engineering process
with supervisory control synthesis, shown in Figure 2.6. In this approach, advantage of this
integration is that simulation and verification of supervisor control can be performed at different
platforms such as MODELICA, UPPAAL or MATLAB/SIMULINK, which is based on CIF
(Common Interchange Format) [68]. However, by further scan, the proposed process in the study
makes little difference to the typical process in Figure 2.4 with the same inputs/outputs and the
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problems mentioned in Limitation 1-3 still remains. For example, the structure of the plants,
supervisor and controllers is still unclear. Besides, the proposition doesn’t deal with the
formalization problems.
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Figure 2.6 Engineering process with supervisory control synthesis [41]
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[69] proposes a model-based systems engineering framework that enables supervisor synthesis of
nondeterministic discrete event systems, and post-synthesis validation of functional and
guantitative properties of the supervised system. In this study, a tool chain is proposed to realize
different verifications (Supremica to MRMC for performance evaluation and to UPPAAL for
Safety/liveness verification). Similar to the previous proposition, the limitations of SCT are still

unsolved.
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Figure 2.7 Integrated framework in proposition [69]

To sum up, engineering practice shows that standardized design processes are critical to improving
design efficiency and implementations as a large number of technical standards and standardized
methods are proposed in engineering domain [70]. In contrast, the state-of-the-art SCT-based
process propositions are still within the scope of the process in Figure 2.4 (p.18) and show more or
less their drawbacks aimed at engineering practice.

2.2.4 Summary

In the review of AC based on SCT, the state-of-the-art modeling approaches and framework are
presented. Four limitations, which have to be faced so as to narrow the gap between the
engineering practice and academic contributions, have been identified. By the discussion in this
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section, it can be found that it is still a research gap in this field. The existing solutions are not
satisfactory enough to deal with problems we’ve found. Therefore, in the following sections, the
practical engineering methods and processes will be investigated for further the study on coping
with the limitation of SCT.

2.3 Model-Based System Engineering

The SCT is a kind of model-based approach because the framework relies on formal modeling of
system behavior. In engineering practice, Model-Based System Engineering (MBSE) is power
methodology for system design. For the purpose of extending SCT as a global framework from
requirement analysis to implementation to conform to the engineering practice, MBSE provides
candidate solutions. The MBSE standards, methods and modeling languages make it possible to
integrate relevant models, approaches, input/output and framework into a standardized
development process. Questions should be answered: Is it possible to integrate SCT in a
Model-Based System Engineering (MBSE) process to extend the usability of SCT in engineering?
Compared with SCT-based approach, what are the advantages of MBSE? In order to answer these
guestions, the state of the art of MBSE will be reviewed in this section.

2.3.1 Overview

Model Based System Engineering (MBSE) Initiative was proposed within the International
Council on Systems Engineering (INCOSE) SE 2020 Vision at the Albuquerque, January 2007
[71]. MBSE is a systems engineering methodology that focuses on creating and exploiting domain
models as the primary means of information exchange between engineers, rather than on
document-based information exchange. INCOSE SE Vision 2020 gave a definition of MBSE:
Model-based systems engineering is the formalized application of modeling to support system
requirements, design, analysis, trace, verification and validation activities beginning in the
conceptual design phase and continuing throughout development and later life cycle phases.
Despite just ten years since being initiated, MBSE methods are widely applied in different
engineering applications:

[29] introduced using MBSE and SysML to model a standard CubeSat and applying that model to
an actual CubeSat mission, the Radio Aurora Explorer (RAX) mission, developed by INCOSE
Space Systems Working Group (SSWG) Challenge Team. The SSWG demonstrated the ability to
model behaviors, interface with commercial off-the-shelf (COTS) simulation tools, and carry out
trade studies [72]. The team updates their project progress every year and the newest report can be
found in [73]. [74] presented a project AUTOSAR which use EAST-ADL for the whole modeling
process. The AUTOSAR development partnership was formed in July 2003 by BMW, Bosch,
Continental, DaimlerChrysler, Siemens VDO and Volkswagen to develop and establish an open
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industry standard for automotive E/E architecture. [75] presented a practical design approach for
submarine subsystems using a model-based systems engineering methodology. The advantages of
designing submarine subsystems reflects the objectives of MBSE, namely improved design
consistency, precision, traceability, subsystem integration, and design evolution. In the
shipbuilding industry, where traditional ship design practices persist, MBSE makes system
modeling accessible to domain engineers. [76] introduced application of MARTE (Modeling and
Analysis of Real Time and Embedded systems), the OMG standard for modeling real-time and
embedded applications developed by UML profile. The framework is built over a multiplatform
library that allows the execution of the same code in different operating systems, which provides
the high-level interfaces with hardware, external configuration programs, and user interfaces,
assuring at the same time hard real-time performances.

In the field of automatic control, case studies of MBSE application can also be found. In [77], a
SysML-based approach is proposed to support the model-driven Manufacturing Automation
Software design projects. The SysML is adapted to define the SysML-AT (SysML for automation),
a specialized language profile that covers (hon-)functional requirements, corresponding software
applications and properties of proprietary hardware components and supports an automated
software generation for run-time environments conforming to IEC 61131-3 for PLCs. In [78],
authors develop an embedded control system for a car seat. The system requirement analyzed and
classified and the structure of system is modeled. In the study, modeling tools such as DOORS and
AutoFocus are used to support modeling different diagrams. In [79], an industrial Control System
case study - heat treatment line is developed. The study identified three domains, control
engineering domain, electronic - electric engineering domain and software engineering domain, to
specify different views and components as well as connectors has been used in order to identify its
role in each domain.

standards ﬂ FIAG32 | ﬂ IEEE 1220 | U IS0 15288 .| ﬂ 150 42010 |
|

Wethods [ [Coosen ) [ ]
|

s | ("] o] [ o

Figure 2.8 A partial systems engineering standards taxonomy [80]

With the development of system engineering in academic and industrial application over decades,
MBSE have evolved a series of standard and method at different level within MBSE framework.
Figure 2.8 shows a partial taxonomy of standards that includes systems engineering process
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standards, methods and modeling standards, which will be reviewed in detail in the following
sections.

2.3.2 Standard

A significant level of effort has been devoted in the past several years to the development,
refinement, and ultimately, acceptance of processes for engineering systems or systems
engineering processes [81]. The standards describing a SE process include EIA 632 [82], IEEE
1220 [83], 1ISO 15288 [84] and ISO 42010 [85], which address broad industry needs and reflect the
fundamental tenets of systems engineering that provide a foundation for establishing a systems
engineering approach.

B |EEE 1220: IEEE Standard for Application and Management of the Systems Engineering
Process;

B EIA 632: Processes for Engineering a System;
B SO 15288: Systems and software engineering - System life cycle processes;
B SO 42010: Systems and software engineering - Architecture description.

Rather than presenting a single process or method that is applied to each phase of the acquisition
process, EIA 632 identifies multiple processes that, when integrated together, provide the systems
engineer with an overall methodology or process for developing a system The processes EIA 632
are grouped into the five categories: technical management, acquisition and supply, system design,
product realization and technical evaluation. The ISO 15288 presents a series of processes -
agreement processes, enterprise processes, project processes and technical processes - which are
applied at different phases of system development and have unique purposes. These processes are
organized in a hierarchy and are intended to be tailored to the specific application. ISO 15288 has
a more extremely broad scope than EIA 632 as it applies to the full life cycle of systems, including
concept, development, production, utilization, support and retirements of system and to acquisition
and supply. IEEE 1220 differs from ISO 15288 in important ways with respect to both system
structure and terminology. IEEE 1220 involves trade studies and assessments of requirements
alternatives, functional alternatives, and design alternatives, which allow application of judgment
and decision processes to determine best alternatives. Compare with EIA 632 and ISO 15288,
standard IEEE 1220 described more at the task or application level while the other two standards
focus on project or product-oriented management. The process standard define top-level criteria
for system design and a number of MBSE methods deriving from the standard are proposed to
serve as candidates for adoption and tailoring to an organization’s SE practices and procedures.

The leading methods will be presented in Section 2.3.3.
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Different from the previous three standards, ISO 42010 addresses the creation, analysis and
sustainment of architectures of systems through the use of architecture descriptions. The standard
introduces the concept of system’s architecture which assists the understanding of the system’s
essence and key properties pertaining to its behavior, composition and evolution, which in turn
affect concerns such as the feasibility, utility and maintainability of the system. ISO 42010 defines
a series of architecture description (AD) elements such as concern, stakeholder, view, viewpoint
and convention, etc. Architecture description is composed of a number of AD elements by which
the engineering environment of a system can be described. In engineering practice, the AD
elements are usually used in the development process. For example, in [86], authors describe a
technique developed at JPL of applying SysML viewpoints and views to organize AD elements in
the project and generate documents and reports. Therefore, a MBSE environment is envisioned
with a central repository of model and Viewpoint information will be the key to integrating all the
pieces needed to execute successfully in a model based project.

2.3.3 Methods

System development life cycle (SDLC) is a term used in systems engineering, information systems
and software engineering to describe a process for developing a system. A system development
life cycle is composed of a number of clearly defined and distinct work phases which are used by
systems engineers and systems developers to plan for, design, build, test, and deliver a system. A
number of SDLC models have been created, including waterfall, fountain, spiral, build and fix,
rapid prototyping, incremental, synchronize, and stabilize [87]. The first known life cycle
paradigm introduce in 1956 was waterfall approach, which is a relatively linear sequential design
approach for certain areas of engineering design. The V-model (Figure 2.9) [26] is proposed to
represent a development process that is considered as an extension of the waterfall model instead
of moving down in a linear way. The process steps are bent upwards after the coding phase, to
form the typical V shape.

The original V-model doesn’t clarify the specific steps and models which should be used.
Therefore, a number of MBSE methods and frameworks are proposed by the systems engineering
community based on the V-model and MBSE standards. These methods provide the specific
modeling steps and input/output within the frameworks.
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Figure 2.9 V-model

OOSEM (Objected-Oriented System Engineering Method) evolved from work in the mid 1990’s
at the Software Productivity Consortium in collaboration with Lockheed Martin Corporation [88].
It is a top-down, scenario-driven process that uses SysML to support the analysis, specification,
design, and verification of systems. The process leverages object-oriented concepts and other
modeling techniques to help architect flexible and extensible systems that can accommodate
evolving technology and changing requirements. OOSEM is also intended to ease integration with
object-oriented software development, hardware development, and test processes. As OOSEM is
relative early method, it didn’t define the modeling language and no toolkit supports it at all.
Harmony System Engineering Process (HP) is a subset of a larger integrated systems and software
development process known as Harmony® [89]. Key objectives of HP are identification and
derivation of required system functions, identification of associated system modes and states, and
allocation of the identified system functions and modes/states to a subsystem structure based on
iterative workflow with incremental cycles through the phases requirements analysis, system
functional analysis and design synthesis. HP defines the involved models by SysML and all
modeling toolkits supporting SysML can be used. Vitech MBSE Methodology [90] consists of
four main domains: source requirements (originating requirements, issues and decisions, risks),
behavior (system behavior models, inputs/outputs, control/sequencing, and performance
requirements), architecture (system architecture, components, interfaces, and allocated
requirements), validation and verification (analysis, verification methods, test plans). Modeling in
iterations, so called levels, helps to elaborate system specification. Domains (all except the
validation and verification domain) and levels of the Vitech MBSE Methodology correspond to
the pillars and abstraction layers of the MBSE Grid [91]. State Analysis (SA) [92] is a
JPL-developed MBSE methodology over the last decade for architecting, designing and
documenting complex control systems. The goal of this process is to make it easier for system
engineers to precisely express design intent in a tool that actively helps to ensure consistency. The
SA method defines an iterative process for state discovery and modeling, which allows the models
to evolve as appropriate across the project lifecycle. Tool support for SA is provided by the State
Database, which utilizes a Structured Query Language (SQL)-compliant relational database
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management system (RDBMS) such as Oracle® with a front end user interface.

At academic level, MBSE frameworks are also proposed. In [93], author proposes a SPIRIT
framework supporting model-based systems engineering (MBSE) tool-chain development of
advanced cyber-physical systems (CPS) with emphasis on tool integration, process management,
automated verification and validation. In this framework, the typical V-model is used and
metamodel are used to represent development processes. The framework advocates using different
tools (model language, program language and Simulink, etc.) for each step of the development
process. In [94], authors proposed the Model-Driven Development Approach (MDDP) to address
the issues by combining best-practices from MBSE and Lean Information Management. The
framework is based on the recursive and iterative process of four layers: Requirements, Functional,
Logical, and Physical. These contributions can be regards as an extended application of MBSE
methods. In this proposition, a mix of standard UML, domain tools and specific MDDP artifacts
are used, but it doesn’t adopt SysML diagrams. In [95], Architecture Analysis and Design
Integrated Approach (ARCADIA) has been developed by Thales for architecture centric and
model driven engineering activities. ARCADIA introduces five engineering steps, which start from
an operational analysis and end with a product breakdown analysis.

Although there are a number of methods proposed which share a similar development procedure of
V-model whether at industrial level or academic level. To provide a detailed comparison of the
SCT-based process and MBSE process, the input/output and global modeling phases are recalled
in Figure 2.10.

(1) Input

In the process of SCT, the inputs are supposed to be the uncontrolled physic system and narrative
control requirements. In the MBSE Process, the unique inputs are the stakeholder requirements.
Compared with MBSE process, the SCT process can be regarded as starting from semi-black-box
inputs as partial system has already been given as input while MBSE process start from total
back-box.

(2) Output

Globally, in the state-of-the-art SCT process, the final output is the concrete controller. The MBSE
process can produce both hardware and software results, which should be passed on to following
process in life cycle such as test and validation. Although the outputs for both processes are
similar, it is noticeable that the SCT process can just directly produce the “physic” final outputs
while the outputs in MBSE can be presented by models.

By further study on the output of each modeling phase, only behavior models represented by
formal plant, specification and supervisor are involved in SCT process, especially in the phases of
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formalization and synthesis. The models involved in MBSE process depend on the modeling
languages to be used. Taking SysML as example, a series of models are involved in different
modeling steps. In the requirement analysis, system requirements and use cases are model by
requirement diagrams and use case diagrams. In order to assure that all functional and associated
performance requirements are covered by the use cases, respective traceability between
requirement and use case is established. In the functional analysis step, behavior diagrams are used
to represent the use case scenarios. There is no definite model to represent the function and each
behavior diagram (i.e. activity diagram, state machine diagram and sequence diagram) can play a
specific role in the elaboration of the use case behavior. In the design synthesis step, several
models should be constructed. The architectural analysis model is to present trade study to
determine the best means of achieving the capability of a particular function in a rational manner,
which is usually in form of BDD. The black-box behavior models should be realized by white-box
behavior models. The system architecture models and physic subsystem models represent the final
results, which are modeled by BDD and IBD.
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Figure 2.10 Processes comparison
Compared with SCT-based process, the advantages of MBSE can be identified as follows:

(1) In the requirement analysis, the stakeholders’ needs are analyzed. Requirement models are
constructed to present the results of analysis and traceability of the system requirements. In this
phase, stakeholder requirements are translated into system requirements that define what the
system must do and how well it must perform. The phase is important but lacked by AC
development process. Compared with SCT-based process, the directly formalization leads to the
difficulty to verify the consistency between formal models and inputs. In MBSE process, different
models can be built to explicitly present the analysis, decomposition and traceability of

requirements (e.g. requirement diagram, use case).
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(2) In the design synthesis phase for the controller, a number of models are built to focus on the
development of a physical architecture. In the SCT-based process, the implementation are realized
by directly transform from supervisor/controller to physic controller. In contrast, MBSE provides a
series of models to present the design process in details. For example, the concrete controller can
be modeled in MBSE so that an explicit perspective for the final system can be built for
verification and validation before implementing to real physic system.

By further comparing with SCT-based process, two drawbacks of MBSE can be identified for AC
design:

(1) The first drawback of MBSE is that it doesn’t attempt to provide any formal models and
methods for functional analysis. Usually, the models to present the system function are
semi-formal such as activity diagram or sequence diagram. When consideration applying MBSE
into AC design, the function models based on the informal/semi-formal models cannot be regarded
as better solution than SCT-based process, as the latter provides rigorous mathematic methods in
the formalization step. In fact, the problem has caught a lot of attention in some other domains.
[96-98] introduced an integration of Method-B with MBSE and an integration of PN/HCPN with
MBSE is proposed in [99-102]. In these propositions, the formal methods are used for verification
for the purpose of making up for the drawback of lack of formal methods. However, no
proposition of integration with formal methods for AC can be found.

(2) Secondly, within the whole process, MBSE doesn’t provide any methods and profiles
particular for AC design. For example, in design synthesis phase, a general architectural analysis
based on trade study is defined by MBSE. The objective of a trade study is to determine the best
means of achieving the capability of a particular function in a rational manner. Assessment criteria
are weighted according to their relative importance to the overall solution. However, it is still
unclear how it works for the evaluation of AC. On the contrary, the supervisor synthesis and
verification method within SCT paradigm provides an excellent solution on this point.

To conclude, MBSE perform better in requirement analysis as methods and models are provided
for systematic analysis, decomposition and traceability of requirements while is lacked by SCT.
On the other hand, SCT perform better than MBSE for function analysis due to the formal
approach. For design and synthesis, both SCT and MBSE have their proper advantages. It seems
the situation where SCT provides a number of concepts, architectures and methods for AC, which
cannot be fully described due to the limitation of modeling scope of formal models, while MBSE
can provide a variety of models but lack of methods for the context for AC. Therefore, SCT and
MBSE can be complementary for each other for AC attempting and it is a prospective solution
with lots of interest to integrate SCT and MBSE to provide both formal methods and semi-formal
methods.
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2.3.4 Modeling Language

For further study on the models, the modeling languages of MBSE are recalled. A variety of
modeling languages are proposed by OMG and ISO for realizing the MBSE methods. Structured
analysis and design technique (SADT)/IDEFO [103] was first published in 1981, which is
relatively earlier proposed modeling language in the history of MBSE. SADT/IDEFO offers a
functional modeling language for the analysis, development, reengineering, and integration of
information systems, business processes, or software engineering analysis. A newer modeling
language proposed by OMG is Business Process Model and Notation (BPMN) [104]. BPMN
provides businesses with the capability of understanding their internal business procedures in a
graphical notation and will give organizations the ability to communicate these procedures in a
standard manner. BPMN is based on a flowcharting technique similar to activity diagrams, which
makes it applicable more for process-oriented design (e.g. process miner [105]). Due to the lack of
diversity in model types, from an engineering point of view, BPMN is a modeling language to
support business process management and represent complex process semantics, which is similar
to activity diagrams in UML.

Specialized modeling languages aimed at particular domains have also been published. For
example, EAST-ADL (Electronics Architecture and Software Technology-Architecture
Description Language) is an architecture description language specially targeting automotive
systems and developed in several European research projects such as EAST-EEA, ATESST |,
ATESST 11, etc. [106]. It is designed to complement AUTOSAR (AUTomotive Open System
ARchitecture) with descriptions at higher level of abstractions. Aspects covered by EAST-ADL
include vehicle features, functions, requirements, variability, software components, hardware
components and communication.

By focusing on the domain of engineering application, two leading-edge general modeling
languages proposed by OMG catch more widespread attention: UML (Unified Modeling
Language) and SysML (SYStems Modeling Language). Compared with other modeling language,
UML and SysML have their advantage in terms of model diversity to make them more efficient
for system design and to be made use of in a number of MBSE methods (e.g. Harmony-SE,
OOSEM, etc.) as different model types are required in different modeling steps.

2.3.4.1UML

UML is a modeling language used to specify, visualize, construct, and document aspects of the
system-development process [107]. UML has many types of diagrams, which are divided into two
categories [108]. One category represents structural information, including class diagram,
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component diagram etc., and the other represents general types of behavior, including a few that
represent different aspects of interactions. These diagrams can be categorized hierarchically as
shown Figure 2.11.

Structure diagrams describe static view that emphasizes the static structure of the system using
objects, attributes, operations and relationships. Since structure diagrams represent the structure,
they are used extensively in documenting the software architecture of software systems. Behavior
diagrams describe the dynamic views what must happen in the system being modeled. Since
behavior diagrams illustrate the behavior of a system, they are used extensively to describe the
functionality of software systems. Interaction diagrams, a subset of behavior diagrams, emphasize
the flow of control and data among the things in the system being modeled.
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Figure 2.11 UML diagram taxonomy

UML focuses on system modeling in the field of software engineering. With the help of UML,
engineer can develop the system by graphic models and have more efficient development process
during the whole developing life cycle. For example, when engineering define a class for the
system, it becomes an integral part of current design simultaneously. All contents related to the
model will be automatically modified when we try to modify the class in the next iteration.

2.3.4.2 SysML

SysML is one of the graphic modeling languages for systems engineering applications, first
proposed by Object Management Group (OMG) together with the International Council on
Systems Engineering (INCOSE) in 2001 and adopted as a standard in May 2006 [29]. SysML is an
extension of the subset of Unified Modeling Language (UML) with nine kinds of diagrams, by
which SysML can represent systems and each component, as well as their behaviors and

structures.
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SysML includes nine diagrams as shown in the diagram taxonomy in Figure 2.12. Hereinto, the
package diagram, activity diagram, state machine diagram, sequence diagram and use case
diagram are derived from UML. Requirement diagram, block definition diagram, internal block
diagram and parametric diagram are newly defined in SysML [80]:

SysML Diagram
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Behavior | Requirement Structure
Diagram ' Diagram Diagram
'
4 tencaneosasn Q
Activity Sequence State Machine Use Case Block Definition Internal Block Package Diagram
Diagram Diagram Diagram Diagram Diagram Diagram R
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Figure 2.12 SysML diagram taxonomy

B Requirement diagram(REQ) represents text-based requirements and their relationship with
other requirements, design elements, and test cases to support requirements traceability;

B Block definition diagram (BDD) represents structural elements called blocks, and their
composition and classification;

B Internal block diagram (IBD) represents interconnection and interfaces between the parts of a
block;

B Parametric diagram (PAR) represents constraints on property values used to support
engineering analysis.

2.3.4.3 Comparison

SysML [109] has the same advantages as UML for system modeling. Both of them provide a
standardized and unified modeling language by which system design can be visualized and
modeled. Besides, both SysML and UML provide stereotype and profile to extend the applicability.
On the other hand, SysML offers systems engineers the following advantages over UML for
specifying systems and systems-of-systems:

- UML does not support the needs of engineers designing from the broader systems-based
perspective. SysML expresses systems engineering semantics (interpretations of notations)
better than UML [110]. It reduces software bias in SysML and adds two new diagram types
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for requirements management and performance analysis: requirement diagrams and
parametric diagrams, respectively; SysML also includes relationships to other artifacts such as
test cases or design blocks, for traceability purposes. For example, the requirement diagram is
the primary medium in SysML for conveying traceability among requirements as well as
traceability from requirements to structures and behaviors in the system model.

- UML is usually used for modeling object-oriented software system while SysML mainly
focuses on system modeling for hardware and software integration. SysML can describe the
physic system with block definition diagram and the interconnection between the components
with internal block diagram;

- SysML model management constructs support the specification of models, views, and
viewpoints that are architecturally aligned with 1SO 42010 [111].

Compare with formal models of SCT paradigm, SysML provides a variety of semi-formal models,
which can benefit for the AC and extend the modeling scope of SCT. From this point of view, the
limitations of SCT can be handled:

(1) Requirement

For MBSE, the requirement analysis is always at the very beginning stage of whole system life
cycle. The original stakeholder requirements are usually written by using natural language,
occasionally with the help of domain specific models or even informal models not related to any
method or language [112]. As indicated in limitation of formalization, the issue within the
framework SCT is that the automaton model of plant and specification are always modeled by
directly interpretation of inputs. The SysML requirement diagram can be a solution for dealing
with specification formalization in SCT. The natural language narrative requirement can be
modeled block of requirement, by which the management and organization of requirements can be
performed. In [113], Model-driven approach to Requirement Engineering (RE) based on SysML
requirements models, which shown that modeling requirements through diagrams can be useful to
explicitly represent the various ways that requirements can be related to each other. As a result, the
original requirements can be analyzed and decomposed to a series of sub-requirements which can
be the traced by formal specifications. The solution is similar to the proposition in [114], in which
the particular requirement graph is constructed, while SysML can provide its alternative.

Relationship for requirement analysis and decomposition are defined by SysML. Requirement
diagram includes requirements relationships for derivation, satisfaction, verification, refinement,
and trace that support a robust capability for relating requirements to one another and to other
model elements [80]. Therefore, requirements, block, test case or other elements can be linked,
which is of importance in MBSE process. The requirement can be analyzed, decomposed and
traced based on these relationships. These mechanisms can be used deal with the formalization
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issues in development process of AC. With the help of the relationships, the requirements can be
decomposed and therefore traced by the formal specifications.

(2) Structure models

From the perspective of MBSE, the structure definition of target system is indispensable for the
global design process. The structure models can be well realized by SysML structure diagram,
including BDD and IBD. Compared with formal model, BDD and IBD provide explicit
graphic-based representation of system structure, which automaton is not able to achieve. Based
on blocks and relationships defined in BDDs, types of physic entities (i.e. system, system
component part and hierarchical structure) in control system can be presented. The inner elements
of a classifier (parts, ports, and connectors) the physic control connections can be described. The
large number of case studies shows that using SysML structure diagrams is a possible solution as a
supplement for system structure description [115-117]. On the other hand, the structure of formal
models can also be presented. The block in BDD is model element which is not just restricted
within the scope of the physic entities, but an extensive representation including concepts,
definition, or even dynamic models (e.g. activity). Therefore, the block can be used to represent
the formal concepts such as plant, specification or supervisor so that the structure of these formal
models can be presented by SysML structure diagram.

A number of model elements of relationship are defined in SysML to visualize the link between
models. In BDD, the relationship composition, aggregation, generalization and association are
usually used to present the relationship or structure, by which complex or structured system can
also be modeled. Considering the AC, the structure of system to be controlled can be well models
even if the system is hierarchical, which is out of the scope of the formal models used within SCT
paradigm.

(3) Implementation

The controller implementation and deployment models are also be lacked in SCT-based process.
As mentioned before, due to the control system is a HW/SW system, the supervisor constitution
based on different control architecture doesn’t directly means the structure of concrete controller.
To be more specific, engineers are willing to have not only the formal models which represent the
control logic of program, but also the connection between physic controller and controlled system.
For example, the I/O connection between different components should be described in the model.
Based on SysML BDD and IBD, controller implementation and deployment models can be
realized. The supervisor architecture can be implemented to concrete controller and programs
defined and described by BDD. In addition, the control deployment can be defined in IBD, by
which the connection between controller and components of control architecture, even if complex

controller such as modular control, can be presented.
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2.3.5 State of the Art

In order to further the study of methods by which SysML diagram can be proven to be able to
handle the issues of AC, the state-of-the-art contributions of system modeling by SysML are
investigated.

In [118], the authors model handling system which consists of a number of components such as
gripper, pallet and is controlled by PLC. In this work, BDD is used to present the structure the
entire controlled system. An IBD is modeled to detail the control connections between PLC
controller and OPC server. The component behaviors under control are modeled by several state
machine diagrams. The study presents a demonstration of the implementation aspect of the
controlled system while other aspects in the development such as requirement analysis cannot be
found.

In [119], the author proposed a SysML-based approach applied to a Flight Control System (FCS)
for design and validation. In this work, A BDD is used to model the context of FCS and its
interactions with different external elements. Secondly, another BDD is constructed to show the
system composition along with an IBD to detail the interactions among the components. For the
function aspect, an activity diagram is modeled to show how the different external input flows are
progressively transformed to provide the required output flows. Compared with previous
contribution, this work provides more engineering perspectives and models them by different
SysML diagram. It is shown that the BDD can not only used to present the physic structure, but
also the logic structure.

In [32], the authors present a modeling application of Manufacturing Execution System (MES)
under PLC control. Similarly, the BDDs are used to describe the context and system structure.
Furthermore, three behavior diagrams are used to model the function aspect of system. State
machine diagrams are used to describe the behaviors of sub-systems under control and use case
diagram depicts the high-level performance analysis. Sequence diagrams are used to show the
scenarios of the interaction among components. Stereotypes are used in this work to present the
semantics classification of the system and components.

In [89], the HP method is applied to a case study of security system design process. Apart from the
SysML models which describe structure and behavior, more models are built for requirement
analysis and traceability. A requirement diagram is used in this proposition to present the
decomposition of the system requirements. Besides, other requirements are used to show the
traceability of stakeholder requirements, system requirements and use cases. Relationships are
used to represent the different semantics of traceability such as trace, satisfy, etc.

In fact, large numbers of case studies can be found but unable to be exhausted here as the length
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limitation of this study. Whereas, by comparing the referred case studies with SCT-based approach,
the following conclusions can be obtained:

(1) The problematic of the limitations of SCT pointed out in Section 2.2.3.3 can be validated. It
can be seen in the contributions that the structure models and implementation models are
indispensible within the modeling process. Besides, requirement diagrams are usually used in
MBSE to present the analysis, decomposition and traceability of informal requirements. All these
models are lacked by SCT paradigm.

(2) The contributions provide alternative solutions for dealing with the problematic. Different
kinds of SysML diagram are introduced for modeling different aspects of studied system.

To sum up, for reflecting the limitations of SCT put forward in Section 2.2.3.3, Table 2.3 presents
a collection of the possible solutions based on discussion in the section.

Table 2.3 A summary of possible solutions

SysML Concept
Issue System Term
SysML Element SysML Diagram
Limitation 1: Mission, . . .
L . Requirement Requirement Diagram (REQ)
Formalization Requirement
Limitation 2: Concept, Definition, Block Definition Diagram(BDD)
Block, Element ]
Structure model, structure Internal Block diagram (IBD)
Limitation 3: Component, Block Definition Diagram(BDD)
. . Block, Part, Port .
Implementation Connection Internal Block diagram (IBD)
Limitation 4:
Integrated process of MBSE and SCT
Global Process

2.3.6 Summary

MBSE is proved to have been widely applied in engineering practice. Application cases also show
the modeling capabilities in different domains. Besides, a number of methods, modeling language
and standards based on MBSE are developed. In this section, the advantages and drawback of
MBSE are analyzed compared with SCT-based modeling process. The interest of integrating SCT
and MBSE for AC can be concluded based on the results of discussion. Secondly, SysML is
proved to be a solution to extend the modeling scopes of SCT as SysML provides a variety of
important model types for AC especially for structures, implementation and requirements, which is
lacked by SCT.
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2.4 Challenges of Proposed Integrated Approach for AC

The aforementioned discussion shows the interest and possibility to integrate SCT and MBSE for
AC. In order to propose a corresponding solution, some local challenges and issues should be
faced:

2.4.1 Formal Models and Semi-Formal Models

The first challenge to be faced is the integration of formal models of SCT and semi-formal models
of MBSE. The challenge, in fact, involves not only the models themselves, but also a series of
methods which bridge the formal models and semi-formal/informal models. Several key points
should be taken into account:

(1) Input treatment

The formalization of requirements is always one of the focuses for SCT-based process of AC.
Although is the semi-formal models such as SysML diagram can help to describe the analysis and
decomposition and modeling of informal specification, an approach to bridge textual-based
requirements and formal specifications is needed.

For requirement formalization, a process, called Natural Language Processing (NLP), of automatic
translation of requirements expressed in natural language into models was developed by [120-122].
Despite the interest of this work, they are only applicable to requirements that are not written in
free natural language. In fact, the processed requirements must be very structured and regular, use
precise language as well as a well-defined vocabulary. In [114] [123], authors propose a
methodology based on CTL* to refine the natural language description. The refinement process is
supported by a formal graph structure called the pseudo-requirement graph or in SysML diagram.
The proposed method decomposed the high-level requirement according to CTL* logic so that it
bridges the gap between formal specification and informal requirement. Several mechanisms have
been implemented in order to ensure the traceability for the refinement process, which is a crucial
feature when engineering critical systems. However, it is still not clear that if the approach can be
used to link the informal specification to automaton-based specification. Besides, the particular
semantics of requirements for the context of AC need also be discussed. The use of template is
effectively recommended by the best practice guidelines of requirements engineering [124].
However, the main problem of these templates is the rigidity they impose on the requirements
writers, because of the fixed forms to respect. This reduces the expressiveness accordingly. In fact,
the specifications of SCT should formalize a variety of requirements which have tremendous
difference according the application, even if the systems studied are the same.
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Contrary to specification, the solution for plant can be the use of predefined DES units by
engineers which lead to a much easier application of supervisory control, as the behaviors of
component are usually definite. In [125], the authors describe an approach where the controlled
behavior of a discrete-event system is designed using a set of very simple specifications. Each
specification is built from a prototype structure, a template, and exercises control over a single
aspect of the system, such as the operation of a gripper. All specifications are executed in parallel
and thus, simultaneously, provide control for the whole system. However, the proposition is too
simple to express more complex requirements and cannot show its universality. In [67] [126], a
method for the design of DES control is proposed which allows for the creation of high-level
conceptual designs by using encapsulated low-level elements, where typical behaviors for both
DES modules and specifications are represented in an abstract way. The parameterizing templates
which consist of varying the number of components achieve a rapid modeling and integrate
seamlessly with the supervisory control framework. In [127], authors present the modeling and
parameterization features supported by Supremica, denoted by module which represents a reusable
collection of events and associated automata. The propositions above show that the
parameterization modeling method can be used to solve the formalization problem of SCT. In short,
the effort to reduce the effects of human performance for modeling is another point which should
be taken into consideration for engineering practice.

(2) Formal approaches

Another issue is methods to coordinate the SysML models and formal models. Some references
focus on the transformation between automaton and SysML behavior diagram such as sequence
diagram and activity diagram. In [128] present a technique for formal analysis and verification of
UML sequence diagrams. In this approach, a method of transforming sequence diagram to an
equivalence automaton is proposed. This approach is applied in [129] to improve the test
automation in software development process. By model checked with projection temporal logic,
the correctness of automaton model is verified. In [130] author proposes algebraic graph
transformation rule for transforming from sequence diagrams to state machines. The specification
of the transformation rules is based on the concrete syntax of sequence diagrams and state
machines. [131] introduces an approach developed for transformation of simple sequence diagram
by defining grammar rules. Formal specification of the procedure is described using Z notation by
capturing hidden semantics under the diagrams and therefore the model can be analyzed and
validated using Z/Eves tool. [132] presents a formalization using the automata-based technique to
detect the deadlock in the activity diagram. The transformation from the activity diagram to the
process automata is provided in the study. However, the propositions are general without the
taking the context of SCT into consideration. In fact, automaton in SCT has its particular semantic
and further study should be done to verify the feasibility. For example, the specification in SCT
usually has multi-path loops which may lead to the difficulty the using sequence diagram to handle
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this situation.

For further study, we not only focus on method based on SCT, but investigate approaches
integrating other formal model in MBSE method. Some contributions focus on the formal
approaches based on B. In [96], the authors propose an approach to formalize the UML state chart
by B specification. The static model of state chart diagram is built by extracting the meta-class as
the static aspects and every meta-class of state chart is formalized as an associated abstract
machine. The proposition transforms independent elements of state chart to B and classifies the
state chart to simple state diagram, sequential composite state diagram and concurrent composite
state diagram. In [97], the methodology of describing the software specification combining SysML
with the B method is proposed. The abstract machines of the B method are translated by
integrating different SysML diagrams such as BDD, use case diagram and sequence diagram. In
[98], the class diagram of the flight control system is presented and each class operation is mapped
to a B abstract machine. The B method is adopted to translate the state charts into B specification
of flight control software.

Some other contributions focus on the formal approaches based on Petri Nets. [99] introduces a
component-based development process to deal with the complexity of the development of
embedded software systems. The reuse of colored Petri Nets (CPN) and an associated systematic
process promotes a greater confidence in the models reducing the time and errors to develop
complex embedded software systems. However, the structure models are not represented by
SysML or UML. In [101], the authors propose a method to precisely design communication
subsystem and specify its parameters using three kinds of diagrams from the SysML. The
simulation model, based on the formalism of TCPNSs, is generated automatically from graphical
diagrams and used to verify whether assumed parameters of the designed software can be met in a
specific environment. In [102], the authors proposed to formalize the behavioral aspect of SysML
IBDs by HCPN. Two special characteristics related to these diagrams are focused on. For the
block nesting feature a suitable target structure is proposed based on HCPN substitute transitions.
The latter integrate appropriate infout interfaces to handle in an efficient way the nesting.

To sum up, the formal approaches which are used for formal interpretation and verification has
been proved to be able to be integrated by MBSE models. However, the state-of-the-art
approaches have their limitations. Firstly, no propositions can be found which conform to
particular context of SCT paradigm. For example, the link between system structure and formal
models are still unclear. Secondly, the existing contributions focus on using formal approaches for
computation and verification. Few propositions pay attention to the representation of the formal
concepts by MBSE models, which is one of the focuses in this study. The limitations of formal
models require the need of using MBSE models to explicitly describe the formal models of SCT
such as control architecture and therefore the traceability between formal models and physic
models can also be presented.
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2.4.2 Modeling Process for AC

From perspective of system engineering level, there are a number of methods in which formal
models and MBSE maodels are combined or formal model are integrated in MBSE method. [41]
and [133-135] proposed the similar modeling approach combining SCT and model-based process.
The approach integrates SCT methods into the modeling process in order to structure the process
of supervisory control synthesis. However, the approaches don’t provide the methods for global
process of AC for requirement analysis to implementation. In fact, the approaches are just trying to
use SCT model to replace the documents during the design process, which cannot be regarded as
an integrated modeling process.

Collaborative approach

Some propositions focus on the collaborative approaches for model coordination which is
necessary in order to bring together all the heterogeneous established models. In [136] [137], the
model federation approaches are proposed. To face the different models involved in the system
design, three interoperable spaces are defined: the information space is a collection of databases,
files and tools in which information is stored; the conceptual space stores the federation of models
implemented from models of the information space; the design space is dedicated to the
management of the two previous spaces and the tools necessary for their synchronization. The
proposition, however, is towards integration of a number of tools and requires an information
system and effective database.

Metamodel approach

Metamodel, or a model of the model, is a special kind of model that specifies the abstract syntax of
a modeling language [138]. Model-driven architecture is one of the currently most active branches
of MBSE proposed by OMG (shown in Figure 2.13). The metamodel can be regarded as
high-level abstract and a model always conforms to a unique metamodel. In fact, the MBSE
modeling language such as UML and SysML are typical metamodels proposed by OMG.
Metamodel approach is usually used in systems engineering for the model analysis and
construction and model transformation.
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Figure 2.13 Model-driven architecture

In [139], a synchronization approach based on metamodel is proposed to map viewpoints and
models in two different disciplines. This proposition focuses in particular on the interactions of the
construction activities between system architecture design and dependability analysis. The needs
of synchronization are analyzed and then these synchronizations are implemented by means of
meta-model. In this proposition, the process in each discipline has its proper models.

In [140], the authors propose a metamodel based approach to integrate models by Discrete EVent
systems Specification (DEVS), Object-Z and UML to construct a new model kind to represent
complex system. In this study, both syntax and semantics of models integrated for proposed model
kind and therefore the advantages of the three models can be made use of simultaneously.
However, one limitation of this proposition is that the standardized models are modified which is
more applicable at academic level but may not be able to have strong usability for engineering
practice.

ATL is a frequently-used model translation language designating the meta-models and specific
grammar, by which different model can be transformed based on metamodel which they conform
to. For example, in [141], the authors propose a method based on meta-model for the translation
from UML into Event-B to realize formal verification. In the work, use case diagram, activity
diagram and collaboration diagram are interpreted by Event-B.

In fact, when proposing a novel approach by using MBSE modeling language, the metamodel will
be usually taken into account. However, the existing propositions referred above have common
drawbacks when considering their feasibility for AC: The particular context of AC is not detailed
in these propositions as they are too general. Although the original SysML/UML diagrams has
their rigorous metamodel, the diagrams which describe AC should be tailored to present particular
semantics rather than using the original ones.

Viewpoint-based approach

The viewpoint-based approach catches wide attention and some useful relevant works can be
found in some contributions. [142] outlines a viewpoint-oriented systems engineering (VOSE)
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framework which supports the use of multiple perspectives in system development, which uses
“viewpoints” to partition the system specification, the development method and the formal
representations used to express the system specifications. It shows that the framework can handle
the multiple perspectives problem. In [143], proposes a generic method for defining viewpoints in
SysML by generalizing the concepts used in defining viewpoints in Reference Model of Open
Distributed Processing (RM-ODP). By using this method, viewpoints to be used in different
problem domains can be defined in a systematic way, and reuse and/or sharing of viewpoints
across different problem domains can also be facilitated. In [86], authors describe a technique
developed at JPL of applying SysML viewpoints and views in order to generate documents and
reports by XML. The technique shows that a variety of views that can be generated, and provide
some insight into how collaboration and integration is enabled. In [144], authors introduced an
application of viewpoints to be able to deal with the evolving scope and requirements on
mechatronic products, by which stakeholder and models of development can be integrated. These
contributions show that the viewpoint-based approaches can provide good solutions for the system
development where we need different perspectives and concerns. The architecture elements can be
well organized under viewpoints. Therefore, taking this as the breakthrough point, we study on the
possibility of redefining the modeling architecture for controller development. For example, to
propose a SysML diagram for the controlled design, the focus and concern can be specified based
on the corresponding viewpoint.

2.4.3 Integrating concepts

In the context of AC, the semantic of models have to be taken into consideration. The concepts and
elements between SysML and SCT should be linked. For example, the following issues must be
deal with: (1) what is the link between SysML models and plant, specification and supervisor
models in SCT? (2) What the controllable event and uncontrollable event can be represented by
SysML elements? (3) How we can visualize the concepts of synchronization, formalization and
supervisor synthesis? These issues are important for to bridge the gap between formalization and
engineering whereas the answers are far from clarity in the state-of-the-art contributions. Secondly,
the standardized MBSE processes guidance for the models to be built. However, the process
should be tailored to conform to the particular context of AC. Besides, the model elements in each
diagram should also be specified. As discussed before, it is necessary to clarify the semantic of the
diagram rather than using the original metamodel for the diagram provided by SysML, which just
specifies the syntax. Due to the target of high reusability, the metamodel of each proposed SysML
diagram should specify the necessary model elements and relationships between these elements.
For example, when we propose a BDD to describe the control architecture, the models for
supervisors, corresponding plants and specifications and their relationships must be detailed by
metamodel. On the other hand, the modeling method for each model in the framework should be
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defined, which is not be provided by the standardized MBSE process. Usually, the methods can be,
but not limited to, presented by metamodel. In SCT, the supervisor synthesis can be regarded as
methods for modeling supervisor. However, when SCT is extended by SysML models, no
state-of-the-art modeling method can be found for this context. Therefore, it is another challenge
which should be faced in this study.

2.5 Conclusion

In this chapter, the SCT paradigm for AC is reviewed. Firstly, the concepts, models and methods
are recalled by covering following aspects: the formal model, the supervisor synthesis method,
control architecture, implementation methods. Based on the investigation of typical SCT-based
modeling process, four limitations of SCT are identified which lead to the gap between SCT
paradigm and engineering practice: (1) Limitation 1: lack of interpretation of the link between
informal requirements and formal specifications, and between free behaviors of physic system and
formal plants in typical development process; (2) Limitation 2: lack of structure models (3)
Limitation 3: lack of implementation models, and (4) Limitation 4: lack of global framework to
standardize the modeling process of AC for engineering practice.

MBSE is introduced for studying the solutions to deal with the issues of SCT from the perspective
of engineering. MBSE standards, modeling methods and modeling language are reviewed. The
investigation and its conclusions show that MBSE methods are able to make up for the
shortcomings of SCT and solution can be proposed based on integration of SCT and MBSE. For
the purpose of narrowing the gap between SCT and engineering practice, the solutions for
integration SCT paradigm and MBSE are further studied. Several challenges have to be faced of
integration of SCT and MBSE are put forward, which shows the necessity of proposing a novel
modeling framework in this study.
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Chapter 3

Proposed Modeling Framework

3.1 Introduction

According to the aforementioned analysis, the modeling scope of formal models and lack of global
modeling process within the SCT paradigm leads to the application difficulty of this theory in
engineering practice for AC and four limitations of SCT paradigm are concluded from the
perspective of engineering context:

(1) Limitation 1: There is a lack of interpretation of the link between informal requirements and
formal specifications, and between free behaviors of physic system and formal plants in typical
development process.

(2) Limitation 2: It has been proven that the structure models are indispensable for engineering
modeling process, which are also lacked by SCT paradigm. The structure models include not only
the structure of physic system but also formal/logic concepts.

(3) Limitation 3: The models which represent the implementation of the concrete controlled are
lacked by SCT. The existing supervisory control architecture and implementation methods are not
able to specify the link between the models of supervisor/controller and models of concrete
controller, which is unacceptable in the engineering context.

(4) Limitation 4: there is no global framework to standardize the modeling process of AC for
engineering practice. The necessary models, the modeling activities along with the traceability
between models are still unclear.

The investigation on MBSE shows that it is a feasible and prospective solution to deal with the
limitations of SCT, as MBSE provides a global modeling process and corresponding modeling
languages. SysML is proved to be an excellent alternative modeling language, which can be used
to extend the modeling scope for SCT-based AC development process. However, the further
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comparison of SCT and MBSE shows that there are still several challenges to be faced to integrate
both for proposing a novel framework for AC.

Based on the discussion above, a novel modeling framework is proposed in this section. To realize
the objectives for bridging the gap between SCT and engineering practice and dealing with the
limitations of SCT, as well as facing the challenges of integrating SCT and MBSE, the responses
to the following questions should be covered in the proposition: (1) What kinds of models should
be defined in the proposed framework? (2) What’s the semantic of elements to be defined in the
models particular for the context of AC? (3) How can SCT models and methods be integrated in
the MBSE process? (4) What is the global MBSE modeling process for AC?

In this chapter, the solutions, which respond to the questions above along with the limitations of
SCT, will be presented. In Section 3.2, the solution of the architecture which integrated SCT and
MBSE will be discussed aimed at issues raised within the SCT paradigm. In Section 3.3, the
global modeling process of the proposed framework for AC will be introduced in detail, including
the sub-processes, models, activities, methods and input/output of each step.

3.2 Integrated Architecture

3.2.1 Objective

SysML provides nine model types and SCT is usually modeled in a unified way by automaton. To
integrate models from both frameworks (shown in Figure 3.1) to form an appropriate combination
of a variety of models, two points should be should be considered:

SysML

BDD SCT
\A

I » Integrated

modeling +
=4 g

ACT / framework

REQ

Figure 3.1 Model integration

(1) Model scope: the nature of model is representing a perspective for system. For an MBSE
project, the team must determine the modeling scope, which means the following questions should
be answered [145]: which parts of system should be modeled? Which behaviors should be
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modeled? Which details are necessary in the models and which are neglected? Therefore, the
models particular for the proposed framework of SCT-based AC must be determined.

(2) Model type: each model is governed by a model type which establishes the notations,
conventions and rules for models of that type. As a concrete carrier of model, it is necessary to
designate appropriate a model type for the corresponding model. The selection of the nine model
types provided by SysML is a challenge.

The solution to respond to both aforementioned challenges is to perform a model necessity
analysis based on MBSE viewpoint, by which the necessary model can be determined particular
for integrating SCT in MBSE for AC.

3.2.2 Architecture: Viewpoint, View and Model

Standard ISO 42010 [85] gives the definition of view, viewpoint and model:

Definition 3.1 (Architecture, 1SO 42010 [85])): fundamental concepts or properties of a system in
its environment embodied in its elements, relationships, and in the principles of its design and
evolution.

Definition 3.2 (Architecture viewpoint, ISO 42010 [85]): work product establishing the
conventions for the construction, interpretation and use of architecture views to frame specific
system concerns.

Definition 3.3 (Architecture view, 1ISO 42010 [85]): work product expressing the architecture of a
system from the perspective of specific system concerns.

Definition 3.4 (Architecture model, 1SO 42010 [85]): An architecture view is composed of one or
more architecture models. An architecture model uses modeling conventions appropriate to the
concerns to be addressed. These conventions are specified by the model kind governing that
model.

Definition 3.5 (Concern, 1SO 42010 [85]): interest in a system relevant to one or more of its
stakeholders. A concern pertains to any influence on a system in its environment, including
developmental, technological, business, operational, organizational, political, economic, legal,
regulatory, ecological and social influences.

The concept of architecture description defined by the standard I1SO 42010 is shown in Figure 3.2.
Viewpoints provide a framework for capturing reusable architectural knowledge that can be used
to guide the creation of a particular type of partial architectural elements. A view of a system is a
representation of the system from the perspective of a viewpoint. In other word, a view expresses
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what is seen from the position of viewpoint. However, view is an abstract concept and need
concrete representation. Views are realized by models of any sort or type such as SysML models,
ontologies, structured data from a database, etc.

System—of-Interest| <exhibits Architecture
1 1
1
1 A 1
has
interest in
A
1.* didentifies expresses

Stakeholder 1%
identifies

1

1.% 1
has Architecture .| Architecture
T identifies Description L. Rational
"
Concern L.
X
1. 1.% 0...
:ames daddresses Correspondence
1.% 1.* 13 1.%
Architecture Architecture
Viewpoint governsp View 0..*
1 1 Correspondence
Rule
1 1.*
: Architecture
Model Kind governs Mode |
1 1.%

Figure 3.2 Concept Model of ISO 42010 [85]

3.2.3 Viewpoints for AC

The concept of viewpoint helps to analyze the needs of models to describe the architecture of the
system to be studied. In the typical SCT-based modeling approach, three kinds of formal models
are built (plants, specifications and supervisors) as we just concern about the behaviors of studied
system. By taking into consideration of the concerns corresponding to the limitations (Limitation
1-3), eight novel viewpoints and are proposed (Table 3.1). The concerns of limitations 1 is
represented by two corresponding viewpoints which focus on the formalization and traceability of
requirements. In fact, the concern on formalization of plants is partially related to the structure of
physic system and therefore we classify the concern and corresponding viewpoint for limitation 2.
Apart from Viewpoint: Plant Structure, three other viewpoints whose concerns focus on the
structures of formal/logic concepts of supervisor and controller are proposed for limitation 2.
Furthermore, two aspects of concerns on implementation are detailed by two viewpoints which
focus on the implementation and connection of the final controlled system.
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Table 3.1 Proposed viewpoints and concerns for AC

Solution for

Viewpoint

Concern

Limitation 1:
formalization

Viewpoint: Informal Requirement

The input needs in form of informal
should be should be
analyzed and decomposed for the

description

traceability by formal specification.

Viewpoint: Requirement Traceability

The ftraceability —between informal
requirements and formal specification

and plant should be explicitly presented.

Limitation 2:
Structure

Viewpoint: Plant Structure

The link between plants and physic
components in the uncontrolled system
should be explicitly presented to show
the identification of plants

Viewpoint: Control Architecture

The control architecture should be

defined and presented explicitly.

Viewpoint: Architecture Structure

The details of control architecture should
be specified including structure and link

of formal elements

Viewpoint: Control Strategy

The structure of controller should be

presented.

Limitation 3:
Implementation

Viewpoint: Controller Implementation

The concrete controller structure should
be defined and clarified, including

hardware and software.

Viewpoint: Control Connection

The viewpoint is on the controlled
system. It is necessary to show how
connection of component, sub-system

and controller based on the oufput of AC.

According to 1ISO 42010, models should be defined for reflecting each viewpoint. Figure 3.3 show

the Viewpoints and models for the architecture description of AC by extending the modeling scope

of SCT. Three basic viewpoints and corresponding models, which have already defined in the

typical modeling process, are plant, specification and supervisor respectively. In fact, there are

three viewpoints which are concerned about within SCT paradigm but no models can be used to

reflect them: Viewpoint Control Architecture, Viewpoint Control Strategy and Viewpoint

Controller Implementation. In the Figure 3.3, the viewpoints and models in white block are the

elements not defined within the paradigm of SCT. The new viewpoints are proposed aimed at

solving the corresponding SCT limitations. It should be pointed out that the model type (marked

by “??” in the figure) related to the proposed viewpoints are still undetermined as automaton

cannot be used to present the models should be realized by appropriate SysML diagrams.
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Figure 3.3 Viewpoints and models for the adapted SCT-based architecture

3.2.4 Integration in MBSE Process

The typical MBSE process should also be adapted particularly for the context of AC. Compared
with the typical MBSE process, some special differences should be taken into account:

(1) The input needs of typical MBSE process are usually the stakeholder requirements. However,
for AC, the system to be controlled should be given from the stakeholders, as the objective is to
develop a controller based on the given system. In fact, the uncontrolled system, which should be
formalized as plants, can be regarded as a part of input needs which is in form of concrete system
rather than narrative requirements. On the other hand, the given uncontrolled system is not an
external system or actors as the whole controlled system is the final output of the modeling
process.

(2) The system function requirements in general MBSE process describe the system-level behavior
while the models in the context of AC can be decomposed to the components level. Secondly, as
the uncontrolled system is given as input, the behavior of each component in the system can be
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determined. In fact, the step is equivalent to the modeling of plant in formal process. Therefore,
the formal model can be directly used for represent the behavior of physic components.

Focusing on the input processing of uncontrolled system, two complementary viewpoints and
concerns should be taken into account (shown in Table 3.2). The complementary viewpoints focus
on the aspects of physic system analysis. As indicated above, the uncontrolled system and the
context should be a part of the inputs of the design process, which is important prerequisite for
plant formalization.

Table 3.2 Complementary viewpoints and concerns for MBSE

Viewpoint Concern

Viewpoint: Context The global environment of system-of-interest for AC should be
identified.

Viewpoint: System Structure The uncontrolled physic system and components should be
analyzed fo specify the structure of the system-of-inferest.

According to the review in Chapter 2, the typical MBSE process can be divided into three phase:
requirement analysis, function analysis and design synthesis. To integrate all the viewpoints and
models for AC in MBSE process, we classify the viewpoints into three categories accordingly,
which are presented in Figure 3.4. All the viewpoints which focus on the analyzing inputs are
allocated in the requirement analysis phase, which are Viewpoint Context, Viewpoint System
Structure and Viewpoint Informal Requirement. In this stage, the main purpose is to process and
extract the necessary information from the inputs for formalization of both plant and specification.
Secondly, the viewpoints related to formalization are allocated to the function analysis as they
concentrate on the modeling of behavior, which conform to the origin target of this phase in
MBSE. Besides, the link and trace between formal models and inputs are constructed. Four
viewpoints are allocated into phase: Viewpoint Plant Structure, Viewpoint Plant, Viewpoint
Specification and Viewpoint Specification verification. For the design synthesis phase, the rest of
viewpoints are allocated in it. In this phase, the main objective is to perform supervisor/controller
synthesis and implementation based on the given plants and specifications provided by Phase 1
and Phase 2. Compared with typical MBSE process, there are several differences in the proposed
framework:

(1) As the global inputs of the modeling process are not only stakeholders ‘requirements but also
the uncontrolled system, system structures should be analyzed in the requirement phase.

(2) The input is semi-black-box as the uncontrolled system is given and therefore, the behavior of
each component in the system can be identified. Usually, in the typical MBSE process, the
constitution of the system to be studied is determined in the design synthesis phase. The behavior
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of system is identified by case as the system is black-box at the beginning of the modeling process.

(3) As formal approach are integrated in the modeling process, the SCT supervisor synthesis and
property verification method are used as the architectural analysis instead of evaluation approach.

<<Phase>>
Requirement Analysis

[

<<Viewpoint>> <<Viewpoint>> <<Viewpoint>>
Context System Structure Informal Requirement
<<Viewpoint>> <<Phase>> <<Viewpoint>>
Specification Functional Analysis Requirement Traceability

N

<<Viewpoint>> ‘ <<Viewpoint>> |
Plant Structure | Plant |

1
! <<Viewpoint>> | <<Phase>> <<Viewpoint>>
. —. .
| Control Architecture | Design Synthesis Control Connection

<<Viewpoint>> <<Viewpoint>> <<Viewpoint>> <<Viewpoint>>
Supervisor Architecture Structure Control strategy Controller Implementation

Figure 3.4 Viewpoints allocated to the MBSE process

3.2.5 Model Definitions

Model should be defined to realize the view which is governed by the corresponding viewpoint
(see Figure 3.2). The formal models of plant, specification and supervisor can be directly be used
as behavior models instead of SysML behavior diagram (sequence diagram, activity diagram and
state machine) as the formal models are rigorous in both syntax and semantics. On the other hand,
SysML diagrams must be used to realize other kinds of models such as structure, requirement and
traceability. Based on the discussion on the model type in Table 2.3 (p. 40), models for all the
viewpoints can be determined. Apart from the formal models, 10 SysML diagrams are defined to
be allocated to the viewpoints within the proposed framework. To compared with the formal
models in typical modeling process, the models can logically be grouped by three divisions
centered by plant (in red), specification (in black) and supervisor (in blue) respectively.

The models of specifications are extended by two requirement diagrams which reflect the
Viewpoints Informal Requirement and Viewpoint Requirement traceability. The responsibilities of
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the diagrams are defined as follows:
Model 1: REQ: System Requirement

In the requirement diagram System Requirement, the informal narrative description can be
analyzed and decomposed explicitly by SysML requirements and therefore, ambiguous high-level
requirements can be specified their descriptions so that specification can well refine the internal
nature. Secondly, the structured requirements in the diagram make it possible for traceability by
formal specifications. Therefore, the diagram is of vital important for the link between the
stakeholders’ need and specification.

Model 2: REQ: Requirement Traceability

When the traceability is verified, the link between formal specification and requirements along
with plants can be presented explicitly by the requirement diagram Requirement Traceability.
There are two objectives of the link: (1) the presentation the traceability between requirements and
formal models and (2) the prerequisite for supervisor synthesis.

The models of plants are extended by three BDDs whose responsibilities are defined as follows:
Model 3: BDD: Global Environment

By respecting to Viewpoint Context, the BDD is built to specify the global environment of the
system-of-interest. Usually the targeted system interacts with the external system or participants,
the system boundary must be identified in the diagram. For example, in [37], an inlet conveyor is
formalized by plants. Therefore, the boundary to system to be studied is of importance for plant
identification.

Model 4: BDD: System Structure

At system-of-interest level, a BDD to present decomposition of the system structure must be built.
The plant candidates are identified and explicitly linked to the conceptual controller (i.e. controller
to be developed). In fact, even if within the scope of system-of-interest, not all the physic
components should be formalized by plants (e.g. the buffer in some cases), which is important for
the following plant formalization.

Model 5: BDD: Plant Structure

For the plant candidates of physic components, the final plants should be determined. In this
diagram, the plant is defined by a block and will be specified in the following steps. As fact that
there may not be a one-to-one relationship between physic component and plant, a BDD is able to
explicitly represent the relationships. The construction of the diagram is based on the identification
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results in Model 4 and is the foundation of formalization of plants.
The models of supervisors are extended by three BDDs and two IBDs:
Model 6: BDD: Control Architecture

To reflect to the Viewpoint control architecture, a corresponding BDD must be built. When the
architecture is determined, the structure of the involved global/local plants, specification and
global/local plants should be defined in the diagram. In this diagram, the semantic of two formal
concepts should be presented: the synchronizations of local plants and supervisor synthesis.

Model 7: IBD: Architecture Structure

The purpose of the IBD is to detail the defined control architecture in Model 6, in which the plants
and supervisors are linked. The idea of the diagram is inspired by the proposition in [20], in which
a diagram is built to link the supervisors and plants by the shared events. SysML IBD is an
alternative to standardize the representation instead of the proposed diagrams. In the IBD, it is
necessary to explicitly to present how the global/local plants and global/local supervisors can be
linked by formal events. The semantic of port must be defined for this purpose.

Model 8: BDD: Control Strategy

As discussed in Chapter 2, the supervisor cannot be directly transformed to implantation. The
BDD Control Strategy, which reflects to the corresponding viewpoint, specifies the definition of
controller. The construction of the BDD is based on the supervisors and the strategies to be taken.
Based on the diagram, an explicit structure of controller can be described and provides the
necessary models for implementation (Model 9).

Model 9: BDD: Control Implementation

With regard to the Viewpoint Control Implementation, a BDD is built to present the
implementation architecture. The diagram focuses on the definition of concrete controller at physic
level, by transforming controller according to the corresponding implementation methods. Two
physic elements should be designated: hardware and software, and the link between hardware and
software should be present explicitly.

Model 10: IBD: Control Connection

To reflect to the Viewpoint Control Connection, the IBD presents the link details between concrete
controller and physic uncontrolled systems. Physic ports for command and signal care defined and
control connection is presented in the diagram. Compared with model 7, this diagram focuses on
the physic level rather than the formal level. In fact, the difference between supervisor and
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concrete controller can be explicitly discovered by comparison of these two models.
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| 1 | 1
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Figure 3.5 Definition and links of models

The relationships of models are presented in Figure 3.5. The modeling of plants depends on three
BDDs which represent the system structure. The BDDs describe the uncontrolled system from
context level to system level and component level. The decomposition of the system and
components of interest are identified, based on which the link between the behavior models and
structure models and internal link among physic system can be traced. Two requirements diagrams
are modeled for the purpose of link formal specification and plant. The formalization of
specification is based on the REQ: System Requirements which detail the analysis and relationship
of the narrative requirements from stakeholders. Therefore, the requirements can be traced by
formal specifications. Another requirement diagram explicitly presents the traceability between
requirement and formal models including both plants and specifications. As formal approach for
supervisor synthesis requires corresponding plants and specifications, the requirement diagram
also provide an explicit relationship of formal models which is indispensable for control
architecture. Focusing on supervisor synthesis and controller implementation, BDDs and IBDs are
modeled to present the AC at formal/logic/physic level respectively. For the model of each level,
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the models conform to the particular semantics. Besides, the traceability between formal models or
formal models to other models is presented in the diagram.

3.2.6 Summary

In this section, the architecture of integrated framework based on the viewpoints for AC is
preliminarily analyzed. With regard to the limitation of modeling scope of formal models
(limitation 1-3(see Section 2.2.3.3)), 13 viewpoints are identified and allocated into the phases in
MBSE modeling process. For each viewpoint without defined by formal model, a SysML diagram
is defined. As a result, 10 SysML diagrams are proposed. However, the SysML models are just
preliminarily defined and the details and particular semantics of each SysML model are still
unclear in this section. Secondly, as the limitation 4 (see Section 2.2.3.3) requires a global
modeling process, it is still necessary to integrate all the formal models, SysML models and
modeling methods into a proposed modeling process.

3.3 SysML Profile for AC

3.3.1 Objective

Taking into consideration of the modeling context for AC, the proposed models must be defined
based on the particular characteristics and semantics. For example, as part of the SysML diagrams
involve the presentation of formal models (e.g. Model2, Model 5, Model 6, Model 7 and Model 8),
one problem should be dealt with that how SysML models can be defined to represent the formal
models. Secondly, modeling elements which represent the physic aspect or formal aspect of the
studied system should also be clearly identified. For this purpose, the classification of the model
elements for AC should be explicitly presented in the diagram. Thirdly, the formal concepts such
as supervisor synthesis, plant formalization and synchronization should be described by SysML
modeling elements in the diagram.

Fortunately, SysML supports a generic extension mechanism for customizing SysML models for
particular domains (e.g., aerospace, healthcare, financial) and platforms (J2EE, .NET). By defining
SysML profile particular for AC, the standard semantics of SysML model elements can be
extended and enabled to be more accurate, which is important for the proposed SysML diagrams.
SysML profiles are usually defined using stereotypes, tag definitions, and constraints which are
applied to specific model elements, like classes, attributes, operations, and activities. Therefore, in
this proposition, the model elements conforming to the particular context of AC are proposed in
order to attach specialized semantics for the models in the SysML diagram.
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3.3.2 Block Extension

In SysML, the block is extended by default from concept of class in UML. As several BDDs are
defined in the proposed framework, which involve models and concepts of both physic and formal,
the standard block are extended by generalization to six stereotypes which must be identified for
AC (shown in Figure 3.6).

<<metaclass>>
UMLA4SysML::Class
<<stereotype>> 3 <<stereotype>>

Physic / Formal
<<stereotype>>

Block — |
<<stereotype>> / <<stereotype>>

System-of-interest Conceptual
<<stereotype>> <<stereotype>>
External Logic

Figure 3.6 Extension of block

<<Physic>>: the block stereotyped by <<Physic>> indicates that the model is identified as physic
system or component. For example, the component to be controlled or the concrete controller
should be stereotyped by <<Physic>>.

<<System-of-interest>>: the block stereotyped by <<System-of-interest >> is model of the system
to be centralized for AC, which consists of the uncontrolled system and controller. Usually, only
one block should be stereotyped by << System-of-interest >> as we concentrate on one system to
be studied at a time.

<<External>>: the block stereotyped by <<External>> represents the system which is out of the
boundary of system-of-interest but within the scope of the global context. The << External>>
block can be either physic systems or human participants.

<<Conceptual>>: the block stereotyped by <<Conceptual>> is uniquely used to represents the
controller to be developed. At the very beginning stage of the global modeling process, the
controller is still undetermined. Therefore, in order to present the controller to be developed in the
diagram, the block of controller is labeled by this stereotype.

<<Formal>>: the block stereotyped by <<Formal>> is used to represent the formal models in the
diagram. Each formal model is represented by a SysML block stereotyped by <<Formal>> so as to
be distinguished from block for physic system.

<<Logic>>: the controller at logic level is represented by the block stereotyped by <<Logic>>.
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Therefore, the supervisor/controller/concrete controller can be directly identified by the
corresponding stereotype.

In view of controller are usually composed of hardware and software, the stereotype <<Physic>>
is further generalized by <<Hardware>> and <<Software>> (shown in Figure 3.7). The block
which is stereotyped by <<Hardware>> represents designated device of the concrete controller
such as PLC, microcontroller and so forth. On the other hand, the block which is stereotyped by
<<Software>> represents the control programs executed by the designated concrete controller.

<<stereotype>>
Physic

<<stereotype>> <<stereotype>>
Hardware Software

Figure 3.7 Extension of stereotype <<Physic>>

3.3.3 Block for Formal Model

As formal model is out of the scope of SysML, it is difficult to find a corresponding modeling
element in SysML. Therefore, it is necessary to define the blocks which represent the
corresponding formal models. Stereotyped by <<Formal>>, the SysML block can preliminarily
extend its semantics to represent the formal models (plant, specification or supervisor). However,
two points should be taken into account to detail the block of formal model, which meet the needs
of proposed SysML diagrams:

(1) To present the link between physic systems and plants in the diagram BDD: Plant Structure, the
formal events should be explicitly presented in the block of formal models.

(2) In the diagram IBD: Architecture Structure, we intend to link between plants and supervisors,
which can be constructed through formal events.

<<Block, Formal>>
Formal Model

Attr./bute <<allocate>> |
Eventi: Char* | ST

[ﬁ Eventi

Figure 3.8 Block stereotyped by <<Formal>>

By integrating the two considerations above, the block for formal models can be defined as shown
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in Figure 3.8. For each block of formal model, a corresponding automaton is allocated to the block.
In fact, the SysML blocks can be regarded as front end of the formal models. All the formal events
of the automaton are listed in the attribute of the block. Furthermore, a port is defined for each
formal event by using the same name for simplicity. It should be pointed out that although the
defined unified block is applied for all kinds of formal models, it is not necessary to display all
elements of the blocks in each diagram.

3.3.4 Relationship Extension

There are three main formal concepts related to activities are within the paradigm of SCT:
formalize, synchronize and synthesize. In order to present the corresponding semantics in SysML,
relationship of dependency and composition can be an alternative solution. A dependency
relationship is a directed relationship in which one element, the client, uses or depends on another
element, the supplier [109]. The dependency relationship is extended by default in SysML to
different kinds of relationship stereotypes such as create, trace, refine, derive, use and so on.
However, the default dependency extensions are not able to explicitly represent the semantics of
formalization and synthesis. Therefore, two new extensions of dependency, which are related to
these two concepts, are proposed in this SysML profile for AC (shown in Figure 3.9).

tac] <<metaclass>>
<<metaclass>> UMLASYsML::
UML4SysML::
- Property
<<metaclass>> Association
UMLA4SysML:: aggregationKind =
Dependency composite
<<stereotype>> <<stereotype>>
Formalize SynthesizeFrom <<stereotype>>

Synchronize

Figure 3.9 Relationship extension

<<Formalize>>: As formal plant and specification are two models which should be formalized
from the given input, two situations can make the use of <<Formalize>> relationship in the
SysML diagrams. Firstly, the <<Formalize>> can be used to link the blocks of physic components
and block of plants to present the semantics of formalization. Furthermore, the link between
requirements and blocks of specifications can also linked by the relationship.

<<SynthesizeFrom>>: The computation results of supervisor synthesis depend on the models of
plants and specifications and therefore the relationship dependency can be extended to link the
blocks of formal models. The necessity of using relationship <<SynthesizeFrom>> is that Model 6
has to describe the control architecture in which the semantics of supervisor synthesis based on the

63

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI072/these.pdf
© [X. Lu], [2019], INSA Lyon, tous droits réservés



Global Modeling Process

plants, specification and supervisors should be explicitly presented in the diagram. To this end, the
relationship <<SynthesizeFrom>> provides a direct connection from blocks of supervisor to the
corresponding plants and specifications.

To explicit represent the semantics of concept plant synchronization in the diagram, the
relationship composition is extended. The relationship composition in SysML is defined by a
combination of <<Association>> and <<Property>> with aggregationKind = composite (shown in
Figure 3.9). Therefore, the stereotype of <<Synchronize>> should be extended from both
<<Association>> and <<Property>>.

<<Synchronize>>: The semantics of this stereotype is the presentation of synchronizing local
plants to global plants. As the relationship is extended from composition, the local plants therefore
are parts of global plants. In this way, the hierarchical structure of plants can be explicitly
described in the diagram IBD: Architecture Structure, in which the local plants can be directly put
inside the global plants.

3.3.5 Summary

In this section, a SysML profile for AC is defined in order to prepare a framework in which the
semantics of formal models and physic models can be identified explicitly and the formal concepts
can be describe by SysML modeling elements. The profile is important for the proposed modeling
process by which the SysML diagrams can be well defined in the following section.

3.4 Global Modeling Process

3.4.1 Overview

A global modeling process is proposed to integrate the adapted architecture for AC (shown in
Figure 3.10), including formal models, proposed SysML models and a series of modeling,
synthesis and verification methods. By taking into consideration of the engineering practice of AC,
the global inputs and outputs in this study are assumed as follows:

Global input:

(1) Stakeholders’ need: in MBSE, the Stakeholders’ needs usually involve a large number of
requirements at different aspects including functional requirement and nonfunctional requirements.
In order to simplify the requirements and focus on the context of AC, this input is assumed to only
specify the needs for control specifications.
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(2) Context: the context is assumed to be the global environment of the system to be studied
including external systems and participants.

(3) Uncontrolled system: the structure and physic components of uncontrolled system must be
provided in details including the functions and operations.

Global output:

(1) Concrete controller: The concrete controller should be designated by one kind of controller (e.g.
PLC, microcontroller...). In this study, the BDD: Control Implementation is used to represent this
global output, which is advocated by MBSE.

(2) Control program: the control program must be generated by the appropriate implementation
method and be able to execute on the defined concrete controller.

(3) Controlled system: the output requires a whole system including controller and controlled
system. Similar, it is assumed to be presented by the model IBD: Control Connection.

Activities:

15 activities are defined in the global process. For each model defined in the previous section, an
activity is defined for modeling (13 activities in total including activities AR1.1, AR2.1, AR2.2,
AF1.1, AF2.1, AF2.2, AF3 and AD1-AD6). Besides, two additional activities are defined for the
purpose for pre-processing stakeholder’s needs (Activity AR1.1) and in charge of consistency
verification between requirements and formal specifications (Activity AF1.2) respectively.

As the proposed process involves the formal approaches, which is supposed to be commanded the
engineers, a hypothesis is proposed in this study:

Hypothesis 3.1 (Expertise): At least one engineer in the development team has a good command
of formal approaches and SCT paradigm. There is no difficulty to communicate between members
of the team in order to reach a consensus during the modeling process.

Although the process is divided into the three main phases of MBSE, it is more readily
comprehensible that we divided the process into three sections logically, which involve in
formalization of plant, specification and supervisor synthesis respectively. Section A and Section B
are parallel sub-processes which focus on formalization of plant and specification respectively.
The objectives of each section are designated as follows:

(1) Section A

The objective of sub-process Section focuses on the formalization of plants. Therefore, the
uncontrolled system and the context should be analyzed. As the fact that the system structure plays
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an important role for the modeling results of plant, it is necessary to pay much attention to the link
between formal models and physic components in this section.

(2) Section B

The objective of sub-process Section B is to analyze the stakeholders ‘need for the control
specifications, decompose the requirements, formalize and verify the specifications. Aimed at
these purposes, the Section B is composed of activities which cover following aspects: (a) the
preprocessing of the information in stakeholders’ needs, (b) the analysis and decomposition of
narrative requirements, (c) the formalization of requirements, (d) the verification of consistency
between requirements and formal specifications and (e) the traceability of requirements and formal
models.

(3) Section C

The Section C overlaps the MBSE phase of design synthesis. In this section, the thread of
development process is rigorously in the light of the order of supervisor synthesis, controller
synthesis and controller implementation. In fact, the following two sub-phases can be regarded as
architectural analysis and the controller implementation can be regarded as architectural design.
All the global outputs should be produced in the section.

The details of the modeling processes are presented in the following sections.
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Figure 3.10

Global modeling process
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Global Modeling Process

3.4.2 Sub-process: Section A

According to the objective of process Section A, four activities are included in the section: AR2.1,
AR2.2, AF2.1 and AF2.2, which focus on analyzing the structure aspects of the input and
construct the physic structure models and behavior models (shown in Figure 3.11). Four outputs

will be produced in this section: three SysML BDDs and formal plants. The details of each activity

in Section A will be given in the follow parts.

Input data

-

MR1.1.1 Control Information—I
—_——

| 02.2 BDD: System Structure |_ _I

—_———

MF2.1.1 Plant information

o 1
— = |
|

e
[

Leg

Sub-process: Section A

!

AR2.2 Analyze
system-of-interest

_____ 4
AF2.1 Identify
plant structure

~

end

Output data

- 02.1BDD: Global Environment

_ )l 02.2 BDD: System Structure |
—_——

—_— MF2.1.1 Plant information

_

—

—_———

I 02.4 Plant models |

|
—_——_— -

| O Activity not related to formal models O Activity related to formal models |

‘ D Informal input/output

| u Global input

u Formal input/output

L—:J Intermediate formal input/output |

Figure 3.11 Workflow of sub-process of Section A

3.4.2.1 Analyze Context (AR2.1)

The objective of the activity AR2.1 is to analyze the global environment of the whole system to be

studied and build the model of global environment. The context identifies the system boundary

and all system actors-humans and external systems which play important roles in the global

environment. Four activities are composed of AR2.1 (shown in Figure 3.12):
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K AR2.1: Analyze context \

Input data Output data

—
_——_ = _»I MR2.1.1 Model of system-of-interest

—_ p—

—
|
|
|
L AR2.1.2 Define the | — _ _ ,JMR2.1.2 Model of external environment
~ external environment - — —
| —_— —
|
|
|
L

—_ - — — = .)I( AR2.1.3 Define I PR, MR2.1.3 Model of participants ]
. participants

p— |

_———— — — [ N e N et 9
MR2.1.2 Model of external environment| _ __ | _ _|_ _ _ _ AR2.1.4 Build context I )‘ 02.1BDD: Global Environment |
— — — | model L ==

| MR2.1.3 Model of participants I_ — |
—

- ®
| tegend T
I O Activity not related to formal models @ Global input |
I -— I
| @ Informal input/output L ,J Intermediate input/output

Figure 3.12 Workflow of activity AR2.1

AR2.1.1 (Define the boundary): This sub-activity focuses on the definition of boundary of
system-of-interest. The definition of system-of-interest varies in different engineering context
[146]. In consideration of the modeling scope, the model of system-of-interest should be
limited to the focus on AC. Therefore, the result of system-of-interest is compulsively
decomposed by two physic parts: uncontrolled system and controller. In this step, the internal
details of system-of-interest won’t be studied due to the objective of system boundary
identification.

AR2.1.2 (Define the external environment): When the system boundary is determined, the
external environment should also be identified. In practice, the system-of-interest is usually a
part of the global environment. For example, a manufacturing system interacts with external
environment by inlet and outlet to realize the exchange of raw materials and products [147].
The external environment is optional as the system-of-interest can also be independent from
any environment or not within the scope of the study.

AR2.1.3 (Define participants): Actors-humans are another important factor in the global
environment. Although we focus on the design of automatic control system, human operation
can also be involved in the system (e.g. emergency stop). Therefore, the involved human
operations should be identified in the models.

AR2.1.4 (Build context model): The step is to integrate all the models obtained by the
previous three steps and present them in a BDD. The models are built at the beginning stage
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of the global process and therefore no detail should be presented in the diagram.

The output of AR2.1 is BDD Global Environment, whose metamodel is defined in Figure 3.13.
The block context represents the model of development itself at a global level. The context
consists of three elements: system-of-interest, external environment and participants. When
applied into real case study, these elements should be replaced by the corresponding systems. For
the scope of AC, the external environment and participant just represent the element which are
involved in control or affected by the control action.

<<Block Definition Diagram>>
Global Environment

1.* 1 1.%

<<Block>> «consists of <<Block>> consists of P <<Block>>
External Environment |1..* 1 Context 1 1.4 System of interest

1

1" <<Relationship>>
Composition

consists of P <<Block>>
1% Participant 1.*%

Figure 3.13 Metamodel of BDD: Global Environment

The decomposition of system-of-interest by two parts (shown in Figure 3.14) just represents the
conceptual definition (stereotyped by <<conceptual>>) and the model detail should be clarified in
following steps.

<<Block>>
System of interest

T

1 1
<<Block>> <<Block, Conceptual>>
Uncontrol led System Control ler

Figure 3.14 Definition of system-of-interest
3.4.2.2 Analyze System-of-Interest (AR2.2)

The objective of the activity AR2.2 is to detail the structure of system-of-interest, as it is the
targeted system of the AC and the plant models largely depend on this step. The controller is still
conceptual at this stage and therefore the focus lies in identifying the structure of uncontrolled
system.

Definition 3.6 (Uncontrolled system): the constitution of the all physic parts defined in the input
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GI3 and within the scope of system-of-interest.

The physic components mentioned in the Definition 3.6 include the components to be controlled
by controller and components out of control. Although parts of this work are realized in Section B,
it is also necessary to present the control relationship in the model of system-of-interest. Three
sub-activities are composed of AR2.2 (shown in Figure 3.15):

f AR2.2: Analyze system-of-interest \

Input data T Output data
_________ y —_—— — — — /i
| GI3 Uncontrolled system - L - — AR2.2.1 Define I MR2.2.1 Model of uncontrolled system~I
L e —— uncontrolled system — . ——— —
_________ AR2.2.2 Define control | MR2.2.2 Control relationshin |
| 01.2control Information l— — — 4+ — — — - I"e|ati0nshi —_— _,I MR2.2.2 Control relationship

== p —_ — —
LMRZ.Z.l Model of uncontrolled system - r——=- _L —_—— =
—_— — . |
- — |_ . _}I AR2.2.3 Build F———F- 02.2 BDD: System Structure
_— — — | | system-of-interest
MR2.2.2 Control relationship __ _1 N — —_— _}
- — — 4

Legend
O Activity not related to formal models C‘ Global input

E Informal input/output E:J Intermediate input/output

Figure 3.15 Workflow of sub-process of activity AR2.2

- AR2.2.1 (Define uncontrolled system): In this activity, the physic uncontrolled system should
be analyzed from the global input GI3, including the involved components and structure. As
the uncontrolled system is sometime hierarchical and can be decomposed into sub-systems,
the relationship between components in different levels should be presented.

- AR2.2.2 (Define control relationship): Each component in the uncontrolled system is initially
regarded as plant candidate. In this activity, the link of control between components to be
controlled and conceptual controller model are explicitly presented.

- AR2.2.3 (Build system-of-interest): The activity is to integrate all the models obtained by
activities AR2.2.1 and AR2.2.2. The SysML BDD is built to explicitly present the models
and structure of the system-of-interest.

The BDD: System Structure globally describes the system-of-interest which is presented by a
block <<System-of-Interest>>. As the system structure model is usually constructed at the
beginning of modeling process, the conceptual controller is just preliminarily decomposed by
hardware and software, which are also conceptual models. The semantics should be presented in
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the diagram as follows:

(1) Component: The components are modeled by block in BDD. To present this structure, the
relationship <<Composition>> is used to connect components and present structure. It should be
pointed out that the composition should be explicitly titled by name of part.

(2) Control relationship: To present the control relationship, an association <<control>> is used to
connect involved component and controller.

Remark The difference of block and part in BDD is similar to that of class and instance in UML.
In physic system, there can be several parts which share the same “type”. For example, a car has
four wheels in the same type. In BDD, a block <<wheel >> can be defined and four composition
relationships with four different names represent the parts. Therefore, when we want specify the
internal details of the car in IBD, four different wheels can be presented. Indeed, a part should
have a direct link to physic component rather than the block. In this study, we suppose that the
components (parts) defined by the same block have the same control attributes, in other words,
both of them are controlled or not at the same time. Therefore, the <<control>> relationship is
directly linked to blocks.

The metamodel of BDD: system structure is shown in Figure 3.16.

<<Block Definition Diagram>>
System Structure

1..% 1 1..*
<<Block>> «consists of <<Block>> consists of | <<Block, Conceptual>>
Uncontrol led System |1..* 1| System—of-Interest 1 1.* Control ler

-

1 1

copsists of

consists of
v

1.x| <{Relationship>>
Composition

'
|
1.* 1.4

1.* % <<Block>> <<Block>>
<<Block>> 1 § Hardware Software
L. Component lconsists of

1.* 1.* v

<« control

<{KRelationship>> | 1.*
Association

Figure 3.16 Metamodel of BDD: System Structure
3.4.2.3 Identify Plant Structure (AF2.1)

The objective of the activity AF2.1 is to preliminarily define the link of the physic components
and formal plants. Two outputs are produced in this activity: MF2.1.1 plant information, which
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presents the element link of physic components and formal plants, and O2.3 BDD: plant structure
which presents the link between physic components and plants. Four sub-activities are composed
of AF2.1 (shown in Figure 3.17):

f AF2.1: Identify plant structure \
Input data Output data

_________ !

| GI3 Uncontrolled system |_ _—_ - — = _MFZIPI ?f _t L
- —— B _— = .1.1 Plant information
L____- 1 === AF2.1.1 Identify plant —>| N

—_

—————————— |
| 02.2 BDD: System Structure | l

L_ -
L __ AF2.1.2 Define plant I MF2.1.2 Blocks of plant
blocks _— —

_

02.2 BDD: System Structure R _L _—— =
4 —r— —— — —
| AF2.1.3 Link plant and | MF2.1.3 Relationship between
— 1. |

-
I - I d
I_ -l - - - = - plant and component
- | component — —
MF2.1.2 Blocks of plant l_ 1 ~— — — — e —_ —
_ __ — — I
| 02.2BDD: System Structure | __

structure model —_———

—_

L ___————~I :_ o _{ AF2.1.4 Build plant } — _ | — ] 02380D: Plant structure |
L

|
MF2.1.2 Blocks of plant I_
1

—_— - I
— = = = |
MF2.1.3 Relationship between 1

plant and component I—
—_— —
—_—

I
| C) Activity not related to formal models O Activity related to formal models

I E Informal input/output CI Formal input/output

L - 1 Intermediate input/output (T Global input

L_ ! Intermediate formal input/output

Figure 3.17 Workflow of sub-process of activity AF2.1

- AF2.1.1 (ldentify plant): In this activity, the corresponding model elements between physic
components and formal plants are identified. Attributes can be identified by input GI3 and
02.2: the actuators/sensors of each part and corresponding operations/signals. Each operation
of actuators and sensors can be formalized by corresponding controllable/uncontrollable event.
The example of MF2.1.1 plant information list is presented in Table 3.3.

Table 3.3 Example plant information list

Component | Type Description Event Notation | Event Type

part: block actuator/sensor | description event name Controllable/Uncontrollable

- AF2.1.2 (Define plant blocks): The plant is automaton-based formal model and cannot be
directly presented in SysML. To this end, block is defined to represent the plant model in the
diagram. In fact, all the parts should carefully analyze in order to determine the plant models
related to the corresponding physic components. The method of plant identified will be
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introduced in detail in the following chapter.

- AF2.1.3 (Link plant and component): In this activity, the link between parts and
corresponding plant block should be confirmed. In order to construct the correct link, it is
necessary to make sure that all the parts have their corresponding plant block by referring to
02.2.

- AF2.1.4 (Build plant structure model): In this activity, a BDD should be built by integrating
the outputs of AF2.1.2 and AF2.1.3 to provide a graphic description between plants and parts.

The BDD: Plant Structure is built to present a graphic link between formal plants and physic
components. As plant are formal models represents the behavior of components, the structure of
plant depends on the structure of components. To build the link between plants and components
(parts), the semantics of the elements in the diagram should be identified as follows:

(1) For the parts representing the components, the operations/signals are presented. As link the
controllable event and uncontrollable event to operation of actuator and signal of sensor of the
physic component are built based on the identification.

(2) Each components interact with controller must have a plant model to represent the behavior.
However, a plant is formal model which cannot be directly presented in the diagram. A block
named by each plant and stereotyped by <<formal>> is defined to represent the plant models in
the diagram. Therefore, the block plant should be allocated to the corresponding physic
components, which is linked by the relationship <<Formalize>>.

To sum up, the metamodel of BDD: Plant Structure can be described in Figure 3.18.

<<Block Definition Diagram>>

Plant Structure R
1.* 1.%
. 1 « allocate to 1 K K
<<operation>> 1% <<Block>> <<Block, Formal>> <<Relationship>>
Operation/signal Component 1 Plant Formal ize
1.* 7”3
«consists of § 1.%
‘ {LAttribute>>
<<{Relationship>> Event
Aggregation

Figure 3.18 Metamodel of BDD: Plant Structure
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3.4.2.4 Build Formal Plants (AF2.2)

The activity AF2.2 is to build the automata models for all blocks of plant defined in AF2.1. This
step is similar to formalization of plant in the typical modeling process. However, to link the formal
models and SysML models, the activity can be decomposed to a loop of three sub-activities (Figure
3.19):

—————————— . / . \
| AF2.2: Build formal plants |
| Inputdata | | Output data
b= | |
| |
| |
| |
| |
__________ | | -
| 02.3 BDD: Plant Structure |_ [ U P AF2.2.1 Select plant [ MF2.2.1 A block of plant
Lh__’,____\| | model | - — —
| |
| |
_________ | r | -
| GI3 Uncontrolled system |_ [ IR AF2.2.2 |dentify plant [ MF2.2.2 States of plant
===l | states | . — —
- | |
MF2.1.1 Plant information _ __ _ | |
e [l |
_— L _ 1 _ .| AF2.2.3Buildaformal N 02.4 Plant models
_— — — I_ | plant |
MF2.2.1 A block of plant —q
_— T | l Last plant?

MF2.2.2 States of plant I_ |

—_— —
—_

|

| |

| [No] |
e .

| [Yes] |

| |

| |

N /
;' P 1
| O Activity not related to formal models O Activity related to formal models |
: a Informal input/output a Formal input/output :
| l: :3 Intermediate input/output a Global input |
|

L_:l Intermediate formal input/output

Figure 3.19 Workflow of sub-process of activity AF2.2

- AF2.2.1 (Select plant): After checking that there are still plants to be modeled, the next plant
block is selected for the diagram 02.3.

- AF2.2.2 (Identify plant states): In this step, the operating states of the physic component
related to the plant are identified. The semantic of physic states are identified and formalized
to the states of automaton.

- AF2.2.3 (Build formal a plant): An automaton is constructed for the selected plant in this step.
For correctly using the notation of events and states in the automaton and analyze the
behavior of the physic component, MF2.1.1 and MF2.2.2 should be referred to.

75

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI072/these.pdf
© [X. Lu], [2019], INSA Lyon, tous droits réservés



Global Modeling Process

3.4.3 Sub-process: Section B

The process of Section B is a little more complex than Section A, as it includes a loop to realize
the requirement verification process. Section B consists of five main activities: ARL1.1: Analyze
stakeholders’ needs, AR1.2: Analyze system requirements, AF1.1: Build formal specifications,
AF1.2 Consistency verification and AF3 Confirm Traceability (shown in Figure 3.20). Three
outputs are produced in the section including three SysML diagrams and specification models.

K Sub-process: Section B \ Output data

Gl1 Stakeholders” needs | _ _ _ 1 _ _ _ _ _ ARL.1 Analyze _ — _ _ | — _ 4| MRL1.1System Requirements |
stakeholders’ needs *I\ o — —

MR1.1.1 System Requirements I_ —_
weetr-1 | A o

— F—F—-——- >/ A\
- AR1.2 Aqalyze system ) 01.1REQ: System Requirement
L MF1.2.1 Verification result J_ _ _I —’l\ requirements )

Input data

__________
T M1 1 Plant formation ]
MF2.1.1 Plant information _ __
— T

M

| 011 REQ: System Requirement | I R R I AF1.1 Build formal r —_— —

b -7 ! I specifications e
o= | P L _ _,] 012 specification models |

L MF1.2.1 Verification result J_ —_— — e —= |
—_— —
—
02.4 Plant models -
a
__________ | T —
| 01.1REQ: System Requirement |_ —_— J_ I I R _>| AF1.2 Consistency —_——— ———— MF1.2.1 Verification result
- ! | verification ]
- - | \_ s ) _
| 01.2 Specification models |_ -
—_———- T =
[failed]
02.3BDD: Plant Structure -—1 [passed]
|
01.2 Specification models - _: ___________
|_ | AF3 Confirm traceability —_ o e = ILOl.S REQ: Requirement Traceability]'
01.1REQ: System Requirement - _: -
= — — |
MF1.1.1 Blocks of specifications I_ |
F——— e e — o
| Legend I
| C) Activity not related to formal models O Activity related to formal models |
. I
} @ Informal input/output @ Formal input/output |
| 4 clobal input L_ < Intermediate input/output |
I

| E:J Intermediate formal input/output

Figure 3.20 Workflow of sub-process of Section B
3.4.3.1 Analyze Stakeholders’ Needs (AR1.1)

The activity AR1.1 focuses on preprocessing the global input of Stakeholders’ needs. In this step,
the system requirements which describe the control target and control specifications are initially
analyzed and decomposed at high-level.
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In SysML, requirement is allowed to be decomposed to sub-requirements for requirement analysis.
The topmost level requirements usually specify main targets and the low level requirement refined
the upper level requirement by detailed description. One problem to be faced for the AC is that to
what extent the refinements should be refined is unclear. It leads to the difficult to make the trace
for formal specification.

The requirements are usually classified to functional and non-functional [148]. A functional
requirement defines a function of a system or its component, where a function is described as a
specification of behavior between outputs and inputs [149], while non-functional requirement,
often called “quality attributes”, specifies criteria that can be used to judge the operation of a
system, rather than specific behaviors (e.g. maintainability, Operability, Durability, Extensibility,
etc.). For the purpose of focusing on the AC, we limit the modeling scope at functional
requirement level as formal models can be used to identify non-functional requirements. Therefore,
we concentrate on figuring out the analyze method of the functional requirement to decompose
them at an appropriate refinement level. Two level of requirement should be determined in the
output of this step:

Level 1: Mission:

The topmost level of requirement defines the target of the control mission. At this level, one or
several top requirements whose descriptions specify what the global goals of the system should be
achieved under control. The description of the mission requirement should be concise by using
several key words and no function details should be presented.

Level 2: Function:

The requirements defined at function level are designated to specify the functional of controlled
system to achieve the global target of mission requirements. The descriptions can be either logic or
guantitative so long as the mission can be well explained. Besides, the decomposition of
requirement at this level can be hierarchy.

3.4.3.2 Analyze System Requirements (AR1.2)

The objective of the activity AR1.2 is to analyze and decompose the high-level narrative
requirements into low-level requirements for the formalization and traceability in the following
activities. This activity is composed of three steps (Figure 3.21):
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| I/ ARL1.2: Analyze system requirements \
|
| ®
|

—_ e — — — -
LMFl.ZAl Verification result-l— —_———— {ARLZ'I Decompose/Update} —_—

e — === system requirements

| 01.1REQ: System Requirement I_ |

Output data

MR1.1.2 System Requiremenzl_ —
— I

s, |
- II \

- L T AR1.2.2 Build/Update | _ MR1.2.2 Requirement relationships—l
| MR1.2.1 Execution requirements I_ —_———— requirement relationships L . — —
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— — — 01.1 REQ: System Requirement

MR1.1.2 System Requirements _ __| @
. — \ v

: O Activity not related to formal models a Informal input/output

| C:: Intermediate input/output E:J Input/output from the second iteration

Figure 3.21 Workflow of sub-process of activity AR1.2

AR1.2.1 (Decompose/Update system requirements): Two situations should be defined for this
step: (1) when this step is performed by the first time, we can directly decomposed the
requirements provided by AR1.1. (2) when this step is entered from the second iteration due
to the fault of consistency verification, the requirements should be modified according to the
verification results. The high-level requirements should be decomposed to the E-requirements
(Execution requirements) in this step.

AR1.2.2 (Build/Update requirement relationships): In order to explicitly present the
relationships among requirements, all relationships should be identified or updated. The
relationships can be defined by standardized types provided by SysML (e.g. <<Derive>>,
<<C