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Linköping, 15th December 2003





Avdelning, Institution
Division, Department

Datum
Date

Språk
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Abstract

The impact of computer programs in safety-critical systems has in-
creased in the past decades and computer-based systems can now be
found in a wide range of applications.

A new approach for developing dependable systems is document-
ing all design rationale that affects safety using Intent Specifications.
A recent approach for developing complex systems efficiently and in
an upgradeable manner is Component-Based System Engineering. In
this thesis, these approaches are combined in the development and
upgrade of a Remote Robot Control Unit by using the tool SpecTRM.

The case study showed that Intent Specifications and CBSE could
successfully be combined. The tool SpecTRM was also studied during
this work. It showed that traceability is of great importance during
system upgrades. Since SpecTRM does not support formal verifica-
tion of safety properties in design models, the SpecTRM-RL models
were translated to Esterel code. Further analysis showed that func-
tional verification can be efficient and useful when using the automatic
model-checking tool available in Esterel Studio. This work also pro-
poses a practical guideline for system upgrades in component-based
systems, presented as the Sigma model.

The work also showed some shortcomings. First of all, the tool
SpecTRM is at an early development stage and not yet mature for in-
dustrial use. Secondly, neither of the two languages SpecTRM-RL and
Esterel was expressive enough for some of the numerical computa-
tions and data-exchange structures needed in the system. Finally, the
verifier was not able to prove any data properties since valued signals
are abstracted into pure signals during verification in Esterel Studio.

Keywords: Intent Specification, SpecTRM, Upgrades, Traceability, Ver-
ification, Component-Based Systems Engineering
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Chapter 1

Introduction

1.1 Basic Terminology

Terminologies within new fields of science often differ. This is also
the case within the area of computer science. The differences in termi-
nology can often cause confusion between engineers and practitioners
within the field. In order to discuss the background and problem for-
mulation, some definitions have to be made and some notions and
concepts have to be cleared out.

Computer systems in general can be characterized by these five
fundamental properties defined in [2, 40]:

functionality is what the system is intended to do, described in the
functional specification.

usability is the ease with which a user can learn to operate, prepare
inputs for and interpret outputs of a system.

performance is the degree to which a system or component accom-
plishes its designated functions within given constraints.

cost is simply the overall cost of the system, including development
and maintenance.

dependability of a computer system is the ability to deliver service
that can justifiably be trusted.

This thesis will mostly focus on functionality and dependability
of real-time systems. A real-time systems is supposed to react to input
by producing output within given temporal constraints. Hence, real-
time systems differ from regular systems in the sense that they must
not only behave functionally correct, but also temporally correct [25,
34], e.g. tasks in a hard real-time must meet all deadlines. Real-time

1



2 Chapter 1. Introduction

systems can be found in a wide spectrum of applications, from large
engine controllers in oil tankers to small embedded real-time systems in
your mobile phone.

Dependability is a system property that encapsulates attributes such
as reliability, availability, safety, security, survivability, maintainability [2].
Reliability means the ability of a system to perform its required func-
tions under stated environmental conditions for a specified period of
time [35, 40]. A failure is when the system does not behave according
to the specification i.e. a fault has been made in the design or the im-
plementation and that fault causes an error, which is not tolerated or
contained. Two ways to increase reliability are fault prevention and
fault tolerance. Fault prevention is when faults are reduced before
the system is operational, either by not making faults during devel-
opment or by finding and eliminating faults during the development.
Fault tolerance means that the system can detect faults and tolerate
them during operation.
Availability is the degree to which a system is operational and acces-
sible when required for use [40]. Safety is a broad term but is defined
in [35] as freedom from accidents or losses and in [2] as absence of
catastrophic consequences on the user and the environment. Security
can be defined as the absence of unauthorized access to system state;
hence it includes attributes like integrity and confidentiality. Main-
tainability means the ability to maintain the system in a preventive,
corrective and improving way.

Another way to classify real-time systems is by the consequences
of their failure. When the consequences of a system failure may lead
to an hazard, the system is classified as safety-critical. The term hazard
is usually referring to a potential failure that violates a safety property,
with damage to life, property or environment [33, 35]. Thus, the defi-
nition of hazard depends on the application.

Traditional data-driven computer programs are called transforma-
tional systems i.e. the complete characteristics of the program can be
described by the relation between the output and the input. In con-
trast with transformational systems, most computerized systems to-
day constantly interact with their environment. The characteristics of
these programs cannot only be described by the relation between in-
puts and output, also the temporal relationship has to be described.
These systems are called reactive systems. A reactive system is a input-
driven real-time system that maintains a permanent interaction with
its environment. A desirable characteristic of reactive systems is de-
terminism: the output shall be uniquely determined by its inputs and
timing [6].

Reactive programs are often viewed as a composition of three lay-



1.2. Background 3

ers [5].

Interface

Reactive Kernel

Data Handling

Environment

Output signalsInput signals

. . .

. . .

Reactive program

Figure 1.1: The three layers of a reactive system

• The first layer is the interface with the environment. This layer
takes care of receiving input and sending output i.e. it trans-
forms physical input to logical input to the reactive kernel.

• The middle layer is the reactive kernel which contains the logic of
the system i.e. handles the logical input from the interface. The
reactive kernel initiates computations and controls the output
that must be generated as a reaction to the inputs.

• The data handling layer performs the classical computations re-
quested by the reactive kernel.

Reactive systems are found in control systems, embedded systems,
audio and video control etc.

1.2 Background

The importance of safety in system design has increased during the
past decades. Since the industrial revolution, a great deal of manual
operations has been substituted by automated operations. Technolog-
ical innovations has on one hand eliminated a lot of hazards but on
the other hand created new hazards that did not exist before. Safety-
critical systems can now be found in a wide range of applications such
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as medicine, transportation, power plants etc. Safety is of paramount
importance in such systems and a great deal of research has been done
to enhance engineers ability to make them safe and reliable.

The development of a safety-critical system is a complex and time-
consuming process. First of all, the system requirements must be ex-
tracted and defined based on the customers needs. This can be a dif-
ficult task, especially when working with an incomplete and incon-
sistent specification and working with customers that are not certain
about their needs. The next phase after the design and implementa-
tion of the system is verification. Verifying safety-critical systems is of
great importance since hazardous behavior of a safety-critical system
per definition may lead to loss of life.

The desired behavior of a system is usually expressed as a set of
properties. Properties are requirement and constraints on the input
and output from the system. Some of these are safety properties, some
are liveness properties. The safety properties state what the system
never should do i.e. something bad that should not happen. A sys-
tem that does nothing trivially meets the majority of safety properties;
hence liveness properties are needed. They guarantee the progress
of the system i.e. that something good eventually will happen. An-
other set of properties are fairness properties which state that the sys-
tem gives fair turns to its components. Stating fairness properties is
required at certain abstraction levels, and they are usually hard to ver-
ify. This thesis will not cover fairness properties.

Current demands of reusability and cost reduction makes mainte-
nance and upgrades a part of the products life cycle and consequently
a part of the development process. This makes both maintainability
and reusability two properties that have to be included early in the
system design process.

When dealing with safety-critical software, testing and verification
requires a big portion of the development process. With increased
complexity, testing and verification tends to become even more time-
consuming, especially when adding new requirements to an old sys-
tem, i.e. upgrading the system.

One approach to assist developers in their system development is
the notion of Intent Specification. This approach is based on years of
research showing that documenting the intent makes the development
less error prone. The commercial tool SpecTRM [18] from Safeware
Engineering uses Intent Specification
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1.3 Problem Formulation

The problem of discovering design errors at a late stage of develop-
ment, and the costly process of repeating earlier verifications after up-
grades has been recognized at SAAB Aerospace in Linköping. A lot
of time and money could be saved if verification and simulation could
be done earlier in the development process instead of on the imple-
mented system. Another problem experienced at SAAB Aerospace
is the large amount of testing needed of the final product. Aircraft
systems have a long lifetime. With the rapid technological develop-
ment that we are witnessing, a number of upgrades during a products
lifetime are inevitable. For every system upgrade, a great amount of
testing has to be done to verify system safety. Thus, an efficient way
to develop systems with upgrades in mind is needed.

This thesis addresses the following problems:

• How do Intent Specification improve the dependability of a sys-
tem?

• Does an adequate support for traceability of user requirements
exist and how does it support the upgrade process?

• How can formal methods be used to make the testing more effi-
cient?

• Does SpecTRM support verification or validation of system re-
quirements?

1.4 Objectives

The objective for this thesis is to provide an answer to the above ques-
tions and (at least partially) illustrate arguments for the answers by
application of the solution to a SAAB Case Study.

1.5 Method

A case study consisting of the design of a mobile robot control sys-
tem was used to analyze the characteristics of an Intent Specification.
SAAB Aerospace provided informal requirements for the control sys-
tem, including the basic behavioral rules of the robot and the envi-
ronments requirements. Based on this informal document, the system
was specified and designed with an Intent Specification by using the
commercial tool SpecTRM. Adding new requirements to the system



6 Chapter 1. Introduction

simulated an upgrade. The Intent Specification was updated and ver-
ified. The goal was to create an authentic development process and
upgrade process and then analyze the work.

The SpecTRM-tool is a relatively new development tool from Safe-
ware Engineering. Since SpecTRM provides only limited amount of
formal analysis at this moment, the design model had to be translated
into the language for an appropriate tool that provides formal verifica-
tion. In this work, the language chosen was Esterel and the verification
tool was Esterel Studio from Esterel Technologies [46].

1.6 Method Criticism

To be able to simulate an authentic upgrade, the development pro-
cess must follow a real process such as receiving new requirements
after the first version was completed. This was not the case during the
development of the case study. A complete set of requirements was
given at the start of the development but it also included the future up-
grades. This knowledge may unconsciously have affected some of the
design decisions in the first version, which in turn could have made
the upgrades easier.

Further on, the manual translation of the SpecTRM-RL model into
Esterel may have caused some translation errors. No consistency check
between the model and the Esterel code was made. In other words, the
proofs in Esterel Studio do not prove the correctness of the SpecTRM-
RL model. However, when this work was initiated, a parallel track for
studying potential automatic translation methods between SpecTRM
and Esterel was also initiated. A preliminary result of this work was
a prototype Specterel that is currently subject to further development
[45].

Esterel is good for the handling of control structures in reactive
systems but not data handling. This made some of the requirements
hard to both design and verify in Esterel Studio. Another tool, Scade,
is more suited for the handling of data in systems and a complete so-
lution should therefore include both of these types of tools.

1.7 Contributions

The contributions of this work can be summarized by the following
points:

• An evaluation of Intent Specifications and the tool SpecTRM.

• An analysis of traceability of user requirements during upgrades.
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• A practical guideline for system upgrades in a component-based sys-
tem.

• A development method which supports simulation and formal verifica-
tion early in the development process.

1.8 Scope

This thesis was carried out in partial fulfillment of a Master of Science
Degree in Applied Physics and Electrical Engineering, 20 credit points,
at Linköpings University. It was performed at the department of Real-
Time Systems and the examiner and supervisor was Simin Nadjm-
Tehrani.

1.9 Reader’s guide

Chapter 1: Introduction describes the background and purpose of this
thesis.

Chapter 2: The Case Study will introduce the case study used in this
thesis by presenting both user requirements and also the system
requirements derived during this work.

Chapter 3: Systems engineering presents the necessary background
to put the work in the project in the context of system devel-
opment process, and relate to the practice of developing safety-
critical systems.

Chapter 4: Component-Based Systems Engineering gives an intro-
duction to an emerging software development paradigm used in
the development of the case study.

Chapter 5: Formal Methods gives an introduction to the formal meth-
ods used in this thesis work.

Chapter 6: Development in SpecTRM describes the work performed
and the results during the development of the case study.

Chapter 7: Upgrades describes the upgrade process of the case study
and proposes a development model for component-based sys-
tems.

Chapter 8: Conclusions and future work concludes the report by dis-
cussing conclusions and future works.
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Chapter 2

The Case Study: A Remote
Robot Control Unit

A goal of this work was to study the concept of Intent Specification
with incorporation of formal methods in the development of dynamic
systems. For this, a robot navigation system has been designed based
on a specification provided by SAAB Aerospace. The system has been
used as a case study throughout this thesis and this chapter will present
an overview of the system including user requirements and system re-
quirements.

2.1 Overview

The Remote Robot Control Unit (RRCU) is a fairly small but rather
complex real-time system. It could at some level be classified as a
safety-critical real-time system since it has some safety properties that
it needs to fulfill. An operator is navigating a robot inside an area,
called the work area, see Figure 2.1. Inside the work area, obstacles may
be present. There is also a parking area, this is the only place where the
robot is allowed to stop. The purpose of the RRCU is to make sure that
the operator navigates the robot safely. This means that the operator
shall not be able to navigate the robot outside the area or into any ob-
stacle. The robot shall also fulfill some constraints on the velocity.

Since it is a stand-alone system, not onboard the robot, the RRCU
and the robot must communicate through a remote connection. The
connection uses a client-server communication architecture where the
robot serves as a server and the RRCU works as a high-level client
application.

9
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Work Area

Parking
Area

Figure 2.1: The robot operating inside the work area.

2.2 User requirements

The RRCU shall control the robots movements inside the work area
and the parking zone. The main goal is for the RRCU to provide
navigation and obstacle avoidance. There are some constraints on the
robot that makes the navigation and obstacle avoidance difficult. The
high-level user requirements were the following:

UR1 - A mobile robot operates on a bounded area 6 x 4 meters, called
the work area.

UR2 - The robot shall not collide with the obstacles.

UR3 - Inside the work area, the velocity of the robot shall not be below
0.05 m/s and above 0.5 m/s.

UR4 - The angular velocity of the robot shall not exceed 9 deg/s.

UR5 - The robot shall only be allowed to stop inside a special parking
area.

UR1 - The robot shall not be able to navigate outside the work area.

There are two ways for the operator to control the robot, either by
joystick or by creating a route for the robot to follow. The route con-
sists of navigation points, and the job for the controller is to navigate the
robot past these points but at the same time avoid obstacles. Another
requirement is that the robot shall be able to “park” inside the work
area. Since there are some constraints on the velocity e.g. the velocity
cannot be less than 0.05 m/s inside the work area, “park” is defined
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as the robot circulating with minimum speed vmin and maximum ro-
tational speed ωmax around a circulation point. The operator shall be
able to store these circulation points in the control unit.

The work area and the obstacles shall be represented in the con-
trol unit i.e. the robot does not need to use any sensors for locating
objects. Further on, it is assumed that the robot knows its full cur-
rent status such as position (x(t),y(t)), velocity v(t), rotational velocity
ω(t), orientation θ(t), acceleration v̇(t) and rotational acceleration ω̇(t).

In the specification, no specific implementation constraints for the
robot were mentioned, only some vague requirements. The robot cho-
sen as a model in this case study is a commercial research robot from
ActiveMedia Robotics. It is called the Pioneer 3DX8 [1]. The P3DX8
uses a client-server control architecture where the robot operates as a
server and the RRCU as a high-level client application on a remote PC.

Movement commands is sent via transponders from the RRCU
to the ActiveMedia Robotics Operating System (AROS) onboard the
robot that translates the commands to the actuators. A movement
command consists of new speed and new angular speed to AROS. The
robot operating system takes care of the final controlling of the motor
actuators. The robots state such as speed and position etc. is sent back
from AROS to the control unit at short time intervals.

2.3 Motion model

In the requirement specification provided by SAAB there were no con-
straints placed on the motion model of the robot. Here we describe
some design decisions affecting our modeling of the robot.

In simulating a model of the robot we will assume the following
on the robot movement. The robot always knows its own state i.e.
robot always knows its position (x, y), its translational speed v(t) and
its rotational speed ω(t). Since the robot status is known, the move-
ment can be simulated using the translational speed v(t) and rota-
tional speed ω(t). The calculations are based on the assumption that
the robot moves with constant v(t) and ω(t) between each sampling.
With this assumption, the robot will move on a circle segment during
each time interval T .

Figure 2.2 shows the robot movement during one sampling inter-
val. The figure gives the following equations:
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ν

D(k)

ν

ω

ωΤ

X

Y

time t(k)
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rotation
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2

Figure 2.2: Motion model for the robot during time t(k) → t(k + 1)

dx(t)
dt

= v(t) cos(θ(t)) (2.1)

dy(t)
dt

= v(t) sin(θ(t)) (2.2)

dθ(t)
dt

= ω(t) (2.3)

where θ(t) is the orientation of the robot. The translational speed
v and the rotational speed ω are known variables. Let D(v, ω) express
the movement vector between sampling intervals of the center point
of the robot. By observing figure 2.2 and using the above equations,
D(v, ω) can be expressed as:

D(v, ω) = 2
v

ω
sin

ωT

2

[
cos ωT

2

sin ωT
2

]
(2.4)

Further on, the rotation of the robot becomes:

θ(k + 1) = θ(k) + ω(k)T (2.5)
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The above mentioned D gives the following movement in the global
reference frame


 x(k + 1)

y(k + 1)
θ(k + 1)


 =


 x(k)

y(k)
θ(k)


 +


 R(θ(k))D(v, ω)

:
ωT


 (2.6)

where R(θ) is the rotational matrix

R(θ) =


 cos θ − sin θ 0

sin θ cos θ 0
0 0 1


 (2.7)

If the rotational matrix in equation 2.7 is used in equation 2.6, we
get the following motion model for the robot:

x(k + 1) = x(k) + 2 v
ω sin ωT

2 cos(θ(k) + ωT
2 )

y(k + 1) = y(k) + 2 v
ω sin ωT

2 sin(θ(k) + ωT
2 )

θ(k + 1) = θ(k) + ωT
(2.8)

The equation 2.8 was used to model the robot’s behavior in the
forthcoming chapters.

2.4 Robot Navigation

One of the ultimate goals in mobile robotics is to build a robot that
can safely navigate in complex environments. There are two main ap-
proaches for robot collision avoidance, global and local. The global ap-
proach generally assumes that a complete map of the environment is
present; hence, the optimal path can be calculated offline. The main
drawback with global approaches is that they can become slow. There
are two reasons behind. First of all, computing a optimal path can
be computationally heavy if the map is large. Secondly, in dynamic
environments where changes can occur online, the global planning
becomes slow since the map must be updated on the fly. Local ap-
proaches, sometimes called reactive approaches, do not use the com-
plete global map of the environment. They only use fractions of the
map to generate a path that decreases the computational complexity.
However, a local approach cannot always produce optimal solutions
i.e. they are easily trapped in local minima [19]. Since robot naviga-
tion was not supposed to be the emphasis in this thesis, only a small
survey of current trends and algorithms in mobile robotics was done.
The algorithm chosen for this case study was the Dynamic Window
approach [19].
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2.4.1 Modified Dynamic Window Algorithm

The dynamic window approach by Fox et. al. [19] is a reactive ap-
proach to collision avoidance. The approach is derived directly from
the motion dynamics of robots. It solves the global motion-planning
problem by only considering a short time interval when computing
the next steer command. During this short time interval the velocities
are assumed to be constant and a new command is calculated after
each time interval.

v

Ws

dW
aW

rW
current state

w

vmin

vmax

wmax-wmax

Figure 2.3: The modified dynamic window approach.

The algorithm only considers circular trajectories (v(t), ω(t)), where
v(t) is translational velocity and ω(t) is rotational velocity, which re-
sults in a two-dimensional search space Ws, see Figure 2.3. Ws de-
pends on the constraints that should be enforced on the robot, for ex-
ample that 0.05m/s ≤ v(t) ≤ 0, 5m/s inside the work area. Due to
finite acceleration, all trajectories cannot be reached within the next
time interval. By eliminating velocities that cannot be reached from
the current state within the next time interval we reduces the search-
space. The resulting search window is called Wd. Further on, non-
admissible velocities, in this case the velocities that would cause a col-
lision within the next time instant are also eliminated from the search
space. These admissible velocities form the search space Wa. The re-
sulting search space Wr is now the intersection of the areas, namely
Wr = Ws ∩ Wd ∩ Wa. The resulting search space is represented by
the white area in figure 2.3.
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When Wr is determined, a trajectory tnew is selected from Wr. The
selection of tnew is based on target direction, distance to collision and
velocity. A function G(v, ω) of these metrics is calculated for each tra-
jectory in the search space.

G(v, ω) = σ(α · direction(v, ω) + β · distance(v, ω) + γ · velocity(v, ω))

where σ, α, β and γ are tuning coefficients. The value of the func-
tion direction(v, ω) is higher if the trajectory t(v, ω) results in a direc-
tion closer to the target. The target would in Planner mode be the next
navigation point. The value of the function distance(v, ω) is higher if
the trajectory t(v, ω) results in a position further away from a collision.
The value of the function velocity(v, ω) is higher if velocities v(t) and
ω(t) corresponds to the desired velocities. The desired velocity is the
input by the Planner or by the operator via the joystick. The values of
the constants α, β and γ have to be tested to get a desired behavior.
These functions and constants are different dependant on the mode of
the robot. When G(v, ω) is calculated for all trajectories (v(t), ω(t) in
Wr, the trajectory with the highest value is selected as tnew and sent to
the robot.

The dynamic window approach was chosen as a navigation algo-
rithm in this case study since it is a relatively easy algorithm and it has
been proven to work. The constraints on the robot were also easy to
adopt into the algorithm. Modification of the original Dynamic Win-
dow Approach had to be done in order for the algorithm to enforce
the requirements on the velocities, which easily can be seen in figure
2.3 as restrictions on Ws made by the minimum speed vmin.

2.5 System Requirements

As said in section 1.2, the correctness of a system is often expressed in
terms of safety and liveness properties. Some safety and liveness prop-
erties were derived from the requirements document and during the
design of the system. These are listed in table 2.4. The user require-
ments are mainly of the nature of safety requirements e.g. that the
robot cannot collide with an obstacle. These safety requirements are
trivially satisfied if no liveness requirements were added. For exam-
ple, if ps4 was not added, and the robot did not do anything, safety
properties like ps1 are satisfied.

Following the classification used by Hammarberg [23], properties
can be classified into a number of classes. They can either be static or
dynamic. A property is static if it expresses a requirement over single
instants. In contrast, dynamic properties express requirements over
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several instants. Further, properties can be classified as data or control
properties. Data properties handle requirements that are on the value
of signals while control properties handle requirements that are only
dependant the state and pure signals (signals denote events that can
be either present or absent). The properties listed in table 2.4 refer to
some variables that were determined during early design. In Chapter
6, these variables will be made explicit in the model.

Property Description Classification
pcs1 MoveCommand can never be emitted if the Planner

and the Navigation System is not ready
Static, control,
safety

pcs2 MoveCommand can never be emitted if the connec-
tion to the robot is not established

Static, control,
safety

pcs3 When the emergency signal is received, then the
robot shall be commanded to a halt

Static, control,
safety

pcs4 CheckP lannerTrajectory and
CheckOperatorTrajectory can never be emit-
ted simultaneously

Static, control,
safety

Table 2.1: Example properties for Control System.

Property Description Classification
pp1 If PlanTrajectory is received, then

SafeTrajectory will eventually be emitted
Dynamic, Con-
trol, Liveness

pp2 If PlanTrajectory is received, then the new tra-
jectory must be calculated and PlannedTrajectory
must be sent within 50 milliseconds

Dynamic, Con-
trol, Bounded
liveness

Table 2.2: Example properties for Planner.

Property Description Classification
pns1 If CheckTrajectory is received, then

SafeTrajectory must eventually be emitted
Dynamic, Con-
trol, Liveness

pns2 If CheckTrajectory is received, then
SafeTrajectory must be calculated and sent
within 10 milliseconds

Dynamic, Con-
trol, Bounded
liveness

pns3 When the robot is inside the parking zone, the speed
shall not exceed 0.1 m/s or be less than -0.1 m/s

Static, Data,
Safety

pns4 When the robot is inside the work area, the speed
shall not exceed 0.5 m/s or be less than 0.05 m/s

Static, Data,
Liveness

Table 2.3: Example properties for Navigation System.
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Property Description Classification
ps1 The robot cannot drive outside the work area Dynamic, data,

safety
ps2 The robot cannot collide with any obstacle Dynamic, data,

safety
ps3 When the robot is inside the parking zone, the speed

shall not exceed 0.1 m/s or be less than -0.1 m/s
Static, Data,
Safety

ps4 When the robot is inside the work area, the speed
shall not exceed 0.5 m/s or be less than 0.05 m/s

Static, Data,
Liveness

Table 2.4: Example properties for complete system.
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Chapter 3

Systems engineering

This chapter presents the necessary background to put the work in the
project in the context of system development process, and relate to the
practice of developing safety-critical systems.

3.1 Overview

The systems engineering process is used to define, design and create
the life-cycle of the system which is necessary when creating effective
and reliable systems [41]. The life-cycle of the system can be described
as the period of time that begins when the product is conceived and
ends when the it is no longer available for use [41].

Systems engineering as a discipline is rather new but has inherited a
lot from classical engineering disciplines. In classical engineering, the
focus has mainly been on the product performance, such as focusing
of the fuel consumption when developing a car. Systems engineering
focuses more on the development of the whole system rather than fo-
cusing only on performance of the different subsystems. There is no
ideal model for the development process of a system, although there
is a general agreement on the objectives of systems engineering. There
are rather as many models as there are developers but there are many
similar aspects. The similarity is that the models is built up by very
distinct and functional phases such as requirement analysis, design, im-
plementation, test, verification and validation. Some would argue that
also maintenance and upgrades also are a part of the development pro-
cess. The difference between development process models are the or-
der and the way to perform the different phases of the development
process, how they use feedback and when and at what level the veri-
fication takes place. In the end, all models are supposed to aid the de-
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veloper to develop a system that meets the customer’s requirements.

Aerospace engineers are very competent in managing system prop-
erties for system consisting mainly of electromechanical subsystems.
However, the rapid increase in the number of functions implemented
in digital control units (possibly software) calls for special attention on
how to combine software engineering processes with the traditional
systems engineering processes.

3.2 The software engineering process

In this section we review the process models used for development of
software systems, as the focus of the thesis is the software components
upgrades.

User
requirements

System
requirements

Architectural
design

Component
development

Installation &
Validation

Maintenance
Integration &
Verification

Figure 3.1: The simple system life cycle

A simple system development model can be a sequential model,
see Figure 3.1. It is a simplified example that shows the different
phases of the development process. Unfortunately, the sequential mo-
del is quite idealized and it does not fit well with reality. Higher de-
mands on safety, flexible configuration and costs increase the com-
plexity of the systems to be developed. During the development of
the system, more knowledge is often obtained which may be useful in
earlier phases of the development, thus making feedback and looping
necessary. This makes it impossible to go through the development
phases in a straight sequence, finishing a phase of the development
and to start the next without any feedback to the latter [44]. For exam-
ple, during the development of a car, the engineers may realize that
two of the components simply not are compatible and a new design
choice has to be done. This forces the engineers to go back a step in the
development process and make a redesign of one of the components.
Another case that shows the importance of feedback is during the veri-
fication of the system requirements. During the verification, engineers
may find that some of the requirements are not fulfilled which forces
changes in the design of parts of or the whole system. Feedback can be
shown in the simple waterfall-model (ses Figure 3.2) where feedback
can be done between different stages.

The waterfall-model is a well-known model of the software devel-
opment process. The different phases such as the requirement phase,
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Requirements
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Specifications

Implementation

Design

Test

Maintenance

Feedback

Figure 3.2: The Waterfall-model

the design phase and so on are performed in order with little or no
iteration. Another life cycle model is the V-diagram, or the Vee-model
[7], see figure 3.3. The left side of the process defines what to be built
while the right side of the model implements the system and verifies
the requirements from the right side.

3.2.1 Requirements analysis

The requirements analysis is the process of studying the user needs to
arrive at a formal definition of system requirements [40]. The user’s
needs are often documented in natural language in the requirement
document. Requirements analysis is the process of understanding the
requirement document and mapping the natural expressions into a
formal and a more rigorous representation of the system, the require-
ment specification. High quality in the requirement analysis increases
the ability to create a high quality requirements specification which
directly affects the quality of the developed system [38].

The system specification is a document that specifies the require-
ments of the system [40]. The document shall formally state what the
system should do and also, maybe even more important, what the sys-
tem shall not do. The specification shall contain the systems boundary,
constraints and limitations. It should also include a description of the
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Figure 3.3: The Vee-model

environment in which the system shall operate.
Specifications have a vital role in the design process of safety-critical
systems, considered by some as the most important part. The specifi-
cation serves as the basis for the system development and as the com-
munication media between the different actors in the development
process. Thus, the specification must contain all the desired charac-
teristics and properties of the system; otherwise the system will not
operate as desired. There shall not be any ambiguities, incomplete-
ness or vagueness in a specification. Otherwise, there is a great risk
that undesired characteristics in the implementation will appear. In-
adequate specifications may cause misunderstanding between the de-
veloper and the customer, the designer and the implementer and the
tester, which in turn makes it extremely difficult to design a system
that satisfies customer demands.

It has been shown that a majority of all software failures are re-
quirement errors and that these errors are often the cause of accidents
[30]. These errors are also very hard to find during the development
and they are often found very late in the testing process. Thus, errors
in the specification are time-consuming and expensive to fix, errors in-
troduced in the requirements phase can cost up to 200 times more to
correct than errors made later in the development cycle [30]. It takes
a lot of effort and experience to create adequate and sufficient system
specification. Since there are a lot of demands on a dependable sys-
tem, such as quality and safety, these demands should be reflected in
the choice of specification method.

As described in this section, the requirement analysis is an im-
portant and critical phase in the development process, none the least
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when developing safety-critical systems. Since system specifications
are hard to specify in an ad-hoc way, developers need more formal
methods to create the specifications. One way of creating precise and
complete specifications is by using formal languages to specify the
specifications i.e. formal specifications. Formal specifications will be
described in Section 3.4.1.

3.2.2 Implementation

The objective of the implementation phase of software development
is to transform the design into an executable form, typically coding
the design in a programming language of choice. There are of course
some choices that have to be made during the implementation phase
such as choosing programming language and programming style.

In some tools, the implementation process may be automatic. For
instance, when designing a system with the synchronous language Es-
terel, the tool Esterel Studio can generate source code in C or VHDL.

3.2.3 Verification and validation

Verification and validation determines whether or not the system meets
its original specification [44]. When starting a new phase in the de-
velopment process, for example taking the step from design to im-
plementation (see Figure 3.3), conditions are imposed on the product.
Verification is the process of evaluating a system or component to de-
termine whether the products of a given development phase satisfy
the conditions imposed at the start of the phase [40].

Validation, on the other hand, is the process of evaluating a sys-
tem or component during or at the end of the development process to
determine whether it satisfies specified requirements. One could say
that validation is end-to-end verification (see Figure 3.3). A number of
techniques for system verification are described in section 5.3.

3.3 Traceability

The IEEE Standard Glossary of Software Engineering [40] defines trace-
ability as

The degree to which a relationship can be established between
two or more products of the development process /../ for example
the degree to which the requirements and design of a given soft-
ware component match.

Since software systems are getting larger and becoming more com-
plex, traceability has become even more important in the development
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process [28]. There are numerous advantages of having a traceable
specification. Once the traceability is in place, the consequences of
upgrades can become more obvious. The effect of a change in a re-
quirement can be seen as well as the potential impact on the design
and implementation [44].

A traceable requirement specification may also decrease costs. By
analyzing the requirements through the traceability it can be possible
to approximate the cost of a change in each requirement. The cost is
dependent of the number of changes needed for the requirement i.e.
implementation effort.

Another advantage of well-implemented traceability is to be able
to trace requirements to risks in the hazard analysis. Then the risk of
changing a requirement can be evaluated before the upgrade is made.

The traceability described so far is only forward traceability. Back-
ward traceability can also be useful because it is important to be able
to trace decisions back to original requirements. In order to achieve
traceability, development tools need to support traceability.

The need and effect of traceability is divided among authors. Ste-
vens et al. [44] believe that one should strive to minimize traceability
since it uses resources and slows down the development process. They
believe that traces should be made only if really necessary; it should
be restricted to areas where it adds value. Others, such as Huges et
al. [28] believe that traceability does not need to be seen as a burden,
rather as a enhancement to the development and upgrade process.

3.4 Development languages and tools

Since there are some properties that distinguish real-time and reactive
systems from ordinary software system, the same tools and languages
cannot be used. Of course, there exists a wide range of both modeling
languages and tools for reactive systems; this section will describe a
subset of them.

3.4.1 Formal Specifications

The importance of a complete and unambiguous specification was de-
scribed in 3.2.1. One solution presented was formal specifications. A
specification is a description of a system that captures the essential be-
havior of the system and its properties. What the specification shall
include varies depending on the system developed, but many details
must generally be excluded when specifying complex systems. For
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safety-critical real-time systems, properties such as timing behavior
and performance must be specified using formal methods. These re-
quirements are specified using formal languages or specification lan-
guages, i.e. languages with a mathematically-defined syntax and se-
mantics [12].

Formal specifications have in many examples shown to be an im-
proving factor during system development. For instance, improved
quality, reduction of errors, earlier detection of errors and a 9 % reduc-
tion of development costs were some improvements due to the intro-
duction of formal methods in the development of a on-line transaction
system at IBM Hursley Laboratories [12]. Further on, a successful for-
mal specification of TCASII1 demonstrated the practicality of formal
specifications in complex control systems and the feasibility of build-
ing a readable formal model of the system [36].

3.4.2 Formal Specification Languages

Formal specification languages are used to document system specifi-
cations. As described in section 3.2.1, the quality of the specification
affects the quality of the resulting system. There are some aspects to
have in mind when choosing specification language. First of all, lan-
guages may support one or many different phases of the development
process and on different types of system properties. Some languages
for example may only focus on the requirement phase while some fo-
cuses on the design phase and temporal properties.[29]
Some examples of specification languages are StateCharts, ModeChart
[32], and SpecTRM-RL [18]. SpecTRM-RL is the requirements specifi-
cation language used in this thesis. As a design specification language
we propose the use of synchronous languages such as Esterel [6].

3.4.3 Synchronous Languages

In the early 1980’s, a new family of high-level programming languages
appeared: synchronous languages. They where primarily made to
program reactive systems and they where all based on the perfect syn-
chrony model of deterministic concurrency and the so called ideal syn-
chrony hypothesis:

Ideal systems produce their outputs synchronously with their
inputs.

This can be interpreted as: Computations occur in zero time. The
notion of absolute time is not used in these languages, instead they use
a logical time that is divided into instants. The synchrony approach can

1Traffic Collision Avoidance System
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be loosely defined as: no event arrives before the previous ones have
been dealt with.
Synchronous languages have during the last decades evolved into a
technology of choice for modeling, specifying, validating and imple-
menting reactive systems. The reasons behind this are many. First of
all, the fact that synchronous languages are built on a mathematical
framework with deterministic concurrency makes it possible to rea-
son formally about the system being built. The synchronous hypoth-
esis and the limitation of deterministic constructs leads to determinis-
tic programs from both functional and temporal points of view. Sec-
ondly, the deterministic approach of synchronous languages makes
them suitable for the design of reactive control systems.

In other words: as long as the system reacts at a rate that is fast
enough for its environment, we can abstract away the time by the no-
tion of computation step and consider that outputs occur synchron-
ously with inputs in the same computation step. One can say that
the synchrony model is a generalization of the synchronous model
used for digital circuits where each reaction must be finished within
one clock cycle. The synchrony model aids the programmer in some
senses; it allows to introduce concurrency and determinism and it
helps the designer to separate the logic of a system from implementation-
dependent features such as reaction times.

A variety of synchronous languages have evolved such as Esterel
[6], Lustre [22], Signal [27], SML, Reactive C [9] and some graphical lan-
guages as well, each more suited to some specific domain. The syn-
chronous language Esterel was chosen in this thesis for three reasons.
1) it is well suited for the process-control nature of the case study (see
Chapter 2). 2) There exists a commercial product with automatic veri-
fication. 3) Due to the well-defined semantics of the language and the
straightforward computation model, other state machine based mod-
els (e.g. SpecTRM) should be easily translated into Esterel.

3.4.4 Development tools

Esterel Studio

Esterel Studio [46] is a design and verification environment with Syn-
chCharts hierarchical finite state machine formalism as a graphical
front end. Esterel Technologies hierarchical state machines are called
Safe State Machines (SSM).

Esterel Studio includes two types of verification and test genera-
tion engines. Esterel Studio also provides an interactive simulator and
also hardware (VHDL) and software (C) code generation.
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SpecTRM

SpecTRM [18] is a new commercial tool developed by Safeware En-
gineering. SpecTRM assists the in the development of safety critical
systems. Because most decisions that affect safety are made early in
the product life cycle, SpecTRM focuses on system requirements and
specification. The key document produced by the SpecTRM method-
ology is called an intent specification which is described in chapter
5.1.

3.5 Overview of SpecTRM

SpecTRM - or Specification Toolkit and Requirements Methodology
[18, 20] is a tool marketed by Safeware engineering that assists en-
gineers in managing the requirements, design and evolution process
of systems. SpecTRM was released in the spring of 2003. The tool
is based on the Eclipse tool framework, which is “an open extensible
IDE for anything and nothing in particular” [17]. Building SpecTRM
on Eclipse means that SpecTRM can provide a full development envi-
ronment and API for extending SpecTRM with custom plug-ins. This
extensibility makes SpecTRM a good tool for research as well as in-
dustry [15]. A unique feature of the Safeware Engineering approach is
that analysis and simulation is performed directly on the system spec-
ification. Most approaches to formally evaluating systems require the
extra and often difficult step of translating the system design into a
mathematical modeling language.

SpecTRM uses the structure of Intent Specifications as its basis, a
description of the Intent Specification can be found in Chapter 5.1.
When creating a new specification, an empty framework consisting
of the seven levels of a Intent Specification (see Figure 5.1) is created.
The seven levels are presented in a sequential text flow, much like a
word processor. The user can also navigate the seven levels using a
tree-structure. This creating a good overview of the specification and
provides fast navigation between the different parts of the specifica-
tion. The first three levels are more familiar to system and safety en-
gineers since they usually are paragraphs written in natural language
(e.g. English). However, the black box models in level 3 can be writ-
ten in a language called SpecTRM-RL that is more familiar to software
engineers.

3.6 SpecTRM-RL

SpecTRM-RL, or Specification Tools and Requirement Methodology -
Requirement Language is a combined specification and modeling lan-
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guage for safety-critical systems based on the ideas described in the
earlier section [20]. It is a successor to the state-based specification
language RSML defined in [24]. The most significant changes from
RSML are that all events are removed except for system start and mes-
sage arrival and that SpecTRM-RL does not allow nested states. The
basic idea behind SpecTRM-RL was to create a language that deliv-
ered a readable specification but also a formal model specification.
SpecTRM-RL was designed to create black box requirements specifi-
cations to define an input/output process-control process [37].

A SpecTRM-model is a collection of elements: outputs, modes, states,
macros, functions and inputs. These elements can be found in Appendix
C.

output elements Output elements model the outputs from the system
or component. The element describes the value of the output
and the triggering conditions under which the output is sent.

input elements are signals that come into the system from sensors or
operator controls.

states describe stored knowledge about the system. Basic control the-
ory states that a controller must have a model of the controlled
system in order to control the behavior correct. SpecTRM-RL
requires all states variables to include an Unknown value.

modes describe groupings of behavior. A system or component often
has major operating modes that affect the behavior of the system
for example a stanby mode.

macros represents boolean expressions by AND/OR-tables. They are
just used for abstraction and to increase readability and can be
reused if necessary.

functions are written in SpecTRM-RL’s own function language. They
can handle complex calculations that cannot be expressed with
AND/OR tables.

To get an overview of a model, SpecTRM uses a visualization me-
thod that shows the elements in the model, see figure 3.4. The model
is represented the gray area and the environment is represented as
white boxes outside the model. Inputs and outputs are represented as
arrows to and from the components that the model is interacting with,
such as sensors, the supervisor and the controlled device.

Modes and states are described as a group of boxes. Possible tran-
sitions between these states are shown by the connection between the
boxes and only one box in each group can be active i.e. only one state
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Figure 3.4: Parts of a SpecTRM-RL specification. [18]

can be active. The model in figure 3.4 has a supervisory mode with
two modes and a control mode with three different modes. Further
on, it monitors two behaviors of the controlled process, Behavior1 and
Behavior2, which have three respectively two individual states. Each
inferred system state must also have an Unknown-state that is active
during startup.

The elements are related on AND/OR-tables described later in in
this chapter. SpecTRM-RL is a rather expressive language. Arith-
metic operations and time primitives can be used. SpecTRM also pro-
vides a function language for numerical calculations and a set of com-
mon built-in functions for use within the AND/OR table expressions
such as trigonometric functions to mention some. Five types can be
used: integer numbers, real numbers, durations, enumerated sets and
boolean values.

The SpecTRM-RL model only represents the black box behavior
of the system i.e. the externally visible behavior. Only the required
behavior in terms of translation from input to output is described and
how the output/input relationship is achieved is excluded.

3.6.1 AND/OR Tables

Since one of the goals with the intent specification is to add readabil-
ity to the specification, the SpecTRM-RL uses a tabular representation
of logical expressions called AND/OR-tables, see figure 3.5. These ta-
bles are a tabular representation of disjunctive normal form (DNF) and
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this makes them more readable than propositional logic formulas for
instance.

State1 ⇔ ((Expression1) ∧ (Expression2)∨
(Expression1 ∧ Expression3)∨
(Expression1 ∧ ¬Expression2 ∧ ¬Expression3))

(3.1)

State2 ⇔ ((Expression2) ∧ (Expression3)∨
(¬Expression1 ∧ Expression3)∨
(¬Expression1 ∧ ¬Expression2 ∧ ¬Expression3))

(3.2)

= State1

Expression1

Expression2

Expression3

T

T

*

T

*

T

T

F

F

OR

A
N
D

= State2

Expression1

Expression2

Expression3

*

T

T

F

F

T

F

T

F

OR

A
N
D

Figure 3.5: Example of two simple AND/OR-tables.

The left column of the AND/OR table lists expressions that may be
true or false, each row contains one expression. The other columns in
the table, on the right side, are all conjunctions of the expressions and
they contain values of these expressions; T indicating true, F for false,
or * for don’t care. If all of the elements in a column with a “T” evaluate
to true and all with a “F” evaluate to false, the whole column evalu-
ates to true. If one of the columns evaluates to true, then the variable
represented by the whole AND/OR-table evaluates to true. Another
way of saying this is that rows are ANDed together and columns are
ORed together [18].

For example, figure 3.5 shows two tables that express the transi-
tions to State1 and State2 respectively, corresponding to the DNF for-
mulas 3.1 and 3.2 above. If Expression1 evaluates to false, Expression2

evaluates to false and Expression3 evaluates to true, the middle col-
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umn in the State2-table evaluates to true which means that the State2-
table evaluates to true and the transition to State2 is taken. The two
tables in figure 3.5 are incomplete, which will be described later on.

AND/OR tables represent triggering conditions for outputs, tran-
sitions between modes and transitions between states. A table that is
often used can also be defined as a macro. Examples of the different
SpecTRM elements can be found in Appendix D.
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Chapter 4

Component-Based
Systems Engineering

Component-Based Systems Engineering (CBSE) is an emerging soft-
ware development paradigm. This chapter will describe the basics in
component-based engineering.

4.1 Novelty of Components

In history, we have seen some major qualitative jumps in software de-
velopment that directly improved the quality of the systems being de-
veloped. In the 1960’s, the development moved from assembly language
programming to more high-level programming languages which increased
the readability and decreased development time and complexity of
software. In the late 1980’s software development transitioned from
high-level programming to object oriented programming (OOP) with the
introduction of C++ and later on Java [10]. Object-oriented program-
ming proved itself to be an extremely effective mechanism for reuse
and modifiability. Now, we are experiencing another quality jump in
system development, a further abstraction towards component-based
systems engineering.

Component-Based Systems Engineering is an approach by which
systems are developed using components. CBSE emphasize on reusabil-
ity: components are built for use and reuse. By reusing components,
system development can be made more efficient in terms of time and
costs. It has also seen to reduce the amount of effort needed to de-
velop, update and maintain systems. [10] Object-oriented program-
ming and component based engineering both target reuse and abstrac-
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tion. The two disciplines have much in common but component-based
engineering differs from object-oriented development in some ways.
First of all, in CBSE components are not bound to a particular language
like in OOP i.e. CBSE provides interoperability of components at a bi-
nary level. Secondly, components in CBSE express in which environ-
ment they work within. Components take the interface abstraction of
object-oriented systems on step further. An object interface tells you
how the environment can access and modify the objects data. A com-
ponents interface tells you in addition how it may access and change
the environment. Moreover, one could say that components are more
stand-alone entities compared to objects since they provide a full en-
capsulation of the entities that OOP do not provide, due to inheritance
for instance.

4.2 Basic concepts

The core of component-based software engineering is of course what
the name implies, the idea of reusable software components. One
could argue that components are already widely used in industry to-
day and that is of course true, especially in classical engineering. The
airbag in an automobile, the rudder in a boat, the lamp in your oven,
all are examples of components you can find in your everyday life. In
this sense, the definition of a component is fairly simple; it is a self-
contained part of a system that interacts through a well-specified in-
terface. When looking in the area of software development, lots of
other aspects come into play. There exits many different definitions of
a software component, which of none are widely accepted. According
to Brinksma et. al. [10]; the best accepted definition is based on the
statement:

a component is a unit of composition with contractually spec-
ified interfaces and fully explicit context dependencies that can
be deployed independently and is subject to third-party composi-
tion.

To sum these definitions in literature, one could say that compo-
nents are stand-alone building blocks of a system. The component has
a well defined interface that express properties that should be exter-
nally visible. Functional properties have to be captured in the compo-
nent interface, in their contracts. Contracts can be seen as constraints
on the interfaces. [10]

by Szyperski. Thus, components in a system can relatively easy be
replaced with other components and reused in other systems. How-
ever, this creates other problems with system properties such as safety



4.3. Component-Based System Development 35

and dependability. Since the components are stand-alone entities with
a black box nature, reasoning about the overall system can be diffi-
cult or impossible depending on what kind of information that can be
found in the interface.

To enable composition of components i.e. create an environment
where the components can interact and work together, a component
model and a component framework has to be defined [10]. The compo-
nent model defines a set of standards and conventions concerning the
components. These standards have to be followed by the components
in a system in order to enable proper interaction between the compo-
nents. The component framework is the support infrastructure for the
component model. The framework manages resources and supports
the interaction between the components.

There exists a multitude of different component models and frame-
works, each with its own twist. A survey of different component mod-
els can be found in [10] by Brinksma et al. , which includes models
such as Sun Microsystems JavaBeans and Enterprise Java Beans (EJB),
Microsoft’s Component Object Model (COM), Distributed COM, COM+
and .NET and the OMG’s1 Corba Component Model (CCM).

4.3 Component-Based System Development

Component-Based System Development (CBSD) has some similarities
but obviously some differences with traditional system development.
Traditional system development focuses on the system and the spe-
cific components developed for that system. CBSD focuses on the
components in another way, as a general reusable entity not devel-
oped for a specific application. CBSD divides the development into
to separate parts, Component Development and Component-Based System
Development.

4.3.1 Component development

Component development is the actual development of the individual
components. The development phases for a component is in many as-
pects similar to traditional system development described in section
3.2: requirements analysis, design, implementation, V&V. The same
types of development models can be used but some other aspects have
to be taken into account. Since components are made for use and reuse
and to be a part of something else, other aspects has to be kept in mind
during the development process. For instance, the component must be

1The Object Management Group
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designed in a much more general way than a special purpose compo-
nent in order to achieve reusability. This makes the development of a
reusable component more complex than the development of a tradi-
tional special purpose component.

4.3.2 Component-Based System Development Lifecycle

The development lifecycle of a component-based system differs from
regular systems in some respects. Since the development of component-
based systems focuses on reusable entities and their relation this brings
many aspects into the process such as finding the right component,
adapting and integrating the components etc.

Requirements
Analysis

Find components

Adapt
components

Select or create
 components

Deploy
components

Replace
components

Feedback

Figure 4.1: Simple life-cycle vs component life-cycle [10].

The waterfall model in section 3.2 could be transformed into a
CBSE model in Figure 4.1 [10]. The distinct phases of the waterfall
model can be mapped into the phases in a component-based approach.
The vee-model can also be transformed to fit into CBSE in figure 4.2.

There is a tradeoff between the bottom-up approach and a top-down
approach in component-based development. By using a top-down ap-
proach the developer should break down the requirements into re-
fined requirements for individual components. The problem is that it
can be difficult to find a component that fits with the refined require-
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Figure 4.2: The Component Vee-model.

ments. On the other hand, a bottom-up approach that allows high
component reuse can also be problematic since the properties of the
existing components may not fit into the system properties.

This problem is a challenge in CBSE. By using well-defined inter-
faces, the system requirements could be matched with the components
requirements. What is wanted is to predict system properties from the
component properties [10]. More on this is described in 5.4.

4.4 Summary

Component based engineering should be a good approach when de-
veloping a system for future upgrades. If a change in the requirement
concerns only one component, the upgrade process becomes easier
since only one component has to be swapped. However, when sys-
tem level properties emerge from interaction of component properties
then it is not clear how much of the old analyses have to be repeated
when a new component replaces the old.
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Chapter 5

Formal methods

The use of computers in safety-critical systems is increasing rapidly.
Not only that safety-critical systems are more common, the systems
tend to grow in size and complexity, making the likelihood of errors
much greater[12]. Thus, one of the most important but also difficult
and challenging phases in the development of safety-critical systems is
the verification of the system. As usual it is necessary to guarantee that
the functional behavior of the system satisfies the functional require-
ments. In addition, when dealing with safety-critical systems such as
medical equipment, flight control systems etc. analysis is needed to
ensure that faults in the system or its environment do not lead to haz-
ards. Also, laws and regulations may put restrictions on safety-critical
systems making a formal verification process more beneficial.

By using abstraction, components can easily be designed indepen-
dently and later composed into larger systems. This helps in the de-
velopment of reusable components which is both a time and a cost-
effective development process described in chapter 4. These two ad-
vantages improves the maintainability of the systems which is an im-
portant issue in software development [29].

5.1 Intent Specification

The specification of a safety-critical system is a complex process. By
putting much effort in the specification and hazard analysis, hazards
can be identified and faults can be prevented. Fortunately, there exist
many methods that assist engineers in developing these systems. This
chapter will describe one methodology for specifying safety-critical
systems: the Intent Specification. The content of this section is based on
the articles [36], [18], [24] and [20].
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5.1.1 Basic ideas

Intent Specification is a new approach to specify and design systems.
The specification method is based on years of research in system the-
ory and cognitive engineering. The ideas behind the development of
the intent specification technique are based on principles from both
systems engineering and psychology [18, 36]. These can be summa-
rized in:

• Support human problem solving and high usability

• Find errors early in development so they can be fixed with the
lowest cost and impact on the system design.

• Trace not only requirements but also design rationale (including
safety constraints) throughout the system design and documen-
tation.

• Build required system properties into the design from the begin-
ning rather than emphasizing assessment at the end of the de-
velopment process when effective response is limited and costly.

• Provide a framework for the development of complete and read-
able specifications.

• Support various systems engineering process models.

• Support formal and informal analysis used to verify and validate
the system.

• Integrate hazard analysis

5.1.2 Structure of the Intent Specification

Traditional specifications are often structured in hierarchical levels wh-
ere one level is a refinement of the level above. One could say that the
a level above answers the question what is to be done and the level be-
low answers how it is to be done [7]. Intent specifications are also struc-
tured into hierarchical levels. However, except for answering what is
to be done and how it is to be done, the intent specification is orga-
nized to answer why decisions where made i.e. recording the intent,
hence the name [18].

The intent specification is structured into seven levels (se figure
5.1), each level with a different perspective of the system and its en-
vironment. One could say that each level is a model of the system
but from different viewpoints. Each level should address all aspects
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of the system such as the environment, the components and the veri-
fications at the particular level. Refinement in standard specifications
are often done between levels but in an Intent Specification, refine-
ment and decomposition is done at each level [36]. Refinement could
for instance mean decomposing the system requirement into low-level
requirement of subsystems or components. This is visualized by the
3D structure in Figure 5.1.
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Figure 5.1: The structure of an intent specification. [18]

Level 0: Program Management Information

When designing for safety, the organization behind the developers is
of great importance for the outcome of the project. The degree of safety
in the developed system has shown to be greater when the organiza-
tion has a strong safety culture. To achieve a high level of safety, the
management has to produce well documented plans for managing of
safety.

Level 0 of the intent specification is the management’s view of the
system and contains both a Program Management Plan and a System
Safety Plan. These plans should guide the development of the system
for example stating what kind of process model used and what kind
of safety analysis that has to be done in the project.

Links from the plans to lower level of the intent specification can be
used by developers to demonstrate that they have followed the man-
agements guide and that safety properties has been fulfilled.
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Level 1: System-Level Goals, Requirements and Constraints

The specification level 1 of the intent specification is the customer’s
view of the system. Its main goal is to describe the system purpose
and work as a communication media between the customer and the
engineers. Level 1 includes system goals, design constraints, assump-
tions, system limitations, environment description and hazard analy-
sis results.

Level 2: System Design Principles

The top levels specify only the system behavior. Level 2 specifies the
basic design and principles to achieve this behavior. This is the system
engineer’s view of the system. It allows engineers to reason about the
system in terms of physical principles.

Level 3: Black Box Behavior

Level 3 describes the black box behavior of the subcomponents of the
system. The levels above documents information usually connected
to systems engineering specifications while this level starts to contain
information more familiar to software engineers. A black box model
is a mathematical model over a system that hides the internal work-
ings i.e. only the externally visible variables and functions should be
present. The model describes the inputs and outputs of each compo-
nent and their relationship including the human operator. The envi-
ronment should also be represented by a black box model.

At this level, reasoning about the black box behavior of individ-
ual components is done, which makes the Intent Specification an ap-
proach that can be used in CBSE. This is also where existing compo-
nents can be analysed and reused if component fits with the require-
ments. Further on, one has the chance to start formalise the design at
this level. Thus, a formal language can be used and formal analysis of
the components could be done.

Level 4: Physical and Logical Design Representation

Level 4 provides information about the physical and logical design
issues of each component that allows them to meet the subcomponent
requirements described at level 3. This is the first place where the
specification should include information about the implementation.
Level 4 handles both hardware and software components.
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Level 5: Physical Implementation

This level contains information about the physical implementation of
the system such as software used, hardware assembly etc.

Level 6: The System during Operation

This level presents the characteristics of the system during operation
and includes documentation about the history of the system e.g. main-
tenance, error reports, upgrades and so on. Often there is a great deal
to learn from the operational history of a system that might be helpful
in designing the next generation in the product line.

Intent specifications are mainly advocated due to their closeness
to the engineering way of thinking and documenting. To analyze a
model mechanically we need to go further in formulising a model.

5.2 Formal Models

Formal methods encompass specifying, developing and verifying soft-
ware and hardware systems with mathematical based techniques. Tra-
ditional engineering disciplines use mathematics to model their sys-
tems and to calculate the correctness or reliability of these systems.
For instance, when building a bridge, a construction engineer will
uses mathematics and mechanics in order to assure himself and the
customer that the bridge will hold for the specified load.

Formal methods is the term used when mathematics are used in sys-
tems engineering, both software and hardware. Formal methods can
be divided into formal specification and formal verification. Formal speci-
fication introduces ways to specify systems with a mathematical foun-
dation e.g. by using a formal language. By specifying and modeling the
system using a formal and mathematical base, formal verification can
be used to prove that properties hold by mathematical analysis. This
can be done by applying rules of a logic of in a fast and automatic way
e.g. by using a model checker. Formal specification and formal ver-
ification will be described more extensively in sections 3.4.1 and 5.3
respectively.

Formal methods introduce abstraction and formality to the devel-
opment process. Abstraction means independence of implementa-
tion. Hence, system designers can concentrate only on what the system
should do, not on how it should do it.
Formality gives the developers the ability to reason about the system
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in an unambiguous and precise way. A wide spectrum of formal lan-
guages has evolved that support formal methods in the specification
phases. A formal language is usually based on mathematics which
gives the developers the ability to create a mathematical model of the
system and its properties and then the ability to verify that the system
satisfies them.

Formal methods can be considered a great source of improvement
to software engineering. Using formal methods early in the develop-
ment process has shown to increase the knowledge of the system and
also increased the number of bugs found i.e. creating more reliable
systems [42]. It is a good complement to testing since testing fails to
show the absence of bugs. By using formal methods, testing can focus
on more functional behavior instead of only testing for bugs.

Mastery of formal methods in software requires an understanding
of mathematics. Mathematical topics of interest include formal logic,
both the propositional calculus and predicate logic, set theory, formal
languages, and automata such as finite state machines. Some of these
topics are reviewed in the Appendix A and B.

5.3 Formal Verification

Hammarberg gives a basic introduction to formal verification tech-
niques for an uninitiated engineer [23]. There are mainly two classes
of techniques used: model-based reasoning and proof-theoretic rea-
soning. Here, we briefly review the basic approaches, one of which
will be used for verification purposes in Chapter 6.

5.3.1 Model-based reasoning

As the name implies, model-based reasoning techniques take a model
of the system and a formula describing the desired properties as input,
and examine if the formula is true in the model. These techniques are
often automatic. A well-known example is model checking.

Model checking means building a finite model M of the system,
describing a properties p in propositional temporal logic and checking
that p is satisfied in the initial states s of M . The problem can be ex-
pressed as:

M, s |= p

where |= denotes models i.e. p is a logical consequence of M , s.
Finite state machines, shortly described in Appendix B, are often used
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to model systems and the properties are expressed in temporal logics
such as CTL and LTL mentioned in Appendix A. The model-checking
algorithm makes an extensive analysis of the state space of the FSM,
equivalent to brute-force enumeration of possible states. The model
checker either proves that the system satisfies the requirement, i.e. the
properties hold, or finds a counterexample that shows that a property
does not hold and the FSM violates the requirement in some sense.
These counterexamples can help the designer to locate the errors and
correct them.

Since the models are finite, the search through the state space is
guaranteed to terminate but searching through the entire state-space
of a complex finite state machine can be an overwhelming task since
the state-space grows exponentially with the number of variables. This
is the so-called state-space explosion problem which often occurs due to
parallel composition of processes. One way of overcoming this prob-
lem is symbolic model checking (SMC). In SMC, the algorithms manipu-
late sets of states instead of individual states [11]. To represent the set
of states compactly and efficiently, Binary Decision Diagrams (BDDs),
a data structure that efficiently stores large state spaces, are used. With
methods that manipulates BDDs it is possible to verify extremely large
systems, so far up to 100120 states [16].

However, BDDs do not always solve the state-space explosion prob-
lem. Other techniques, together with BDDs have to be used, such
as compositional reasoning [16], sometimes called modular verification.
Compositional reasoning fits well with CBSE described in chapter 4.
The method is based on verification of individual components and
then allows global properties to be inferred about the entire system.

The verification problem can now be seen as

M1 |= p1

M2 |= p2

C(p1, p2, p)


 ⇒ M1‖M2 |= p

where the symbol ‖ denotes parallel composition and C(p1, p2, p)
is some logical relation between p1, p2 and p. With this notation, proof
rules allow one to model check only the underlying models. Since they
have smaller state-spaces, the state-space problem can be reduced.

Model checkers are efficient for finding errors in the models. How-
ever, this is only the case with un-timed specifications, proving timed
properties in real-time systems has shown to be more difficult since
the models become too large [25].

There are a variety of symbolic model checkers available on the
market and some are being used in commercial CASE tools such as
SCADE and Esterel Studio. Lots of research concerning model check-
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ing has been done, a subset of which can be found in [16], [11].

Another proof method is to check the satisfiability of propositional
logic, called SAT-solving. The problem is to determine a satisfying
variable assignment V for a formula f , or determining that no such
V exists. In other words, given a finite state machine, the problem
is to verify that a property holds for every reachable state. The SAT-
problem is a well-known NP-complete problem.

5.3.2 Proof-Theoretic Reasoning

Proof-Theoretic reasoning is the technique where both the system and
its desired properties are expressed as formulas in some mathematical
logic [12, 25]. Proving a theorem is the process of verifying the exis-
tence of a mathematical property from the specifications of the system.
Logical rules of deduction is used to prove if the system specification
satisfies the property or sometimes if the specification conforms to an-
other specification e.g. equivalence checking.

One benefit with proof-theoretic reasoning is that it can handle
an unbounded number of states. There are quite a lot of drawbacks
though. First of all, specifications that are written in logics are very ab-
stract i.e. it is hard to translate a real system into a correct specification
and the effort can be very significant. Also, the theorem prover needs
guidance in form of lemmas and definitions that shall hold which re-
quires mathematical and theorem proving skills.

5.3.3 Simulation

Another technique for analyzing behavior of a model of a system is
simulation. One could argue that simulation, being based on mathe-
matical models, is a formal method. However, simulation can only
show what will happen in one run of the system, and is unable to
prove that some state is not reached. It is widely used as a testing tech-
nique. The developer can analyze many different system executions to
find flaws in the system. In the early stages of the development pro-
cess, money and time could be saved by simulation.

5.4 Formal methods and CBSE

One of the bottlenecks in verification described in [2] is the applicabil-
ity to large-scale systems. Using component-based engineering, com-
ponents can be verified individually.



5.4. Formal methods and CBSE 47

Component-based systems engineering was described in chapter
4. As mentioned, one main design problem is correctness by construc-
tion. The problem states: Given a component C and a system property
P , find a component C ′ and ‖ such that C‖C ′ satisfies P or

C ‖ C ′ |= P

where ‖ denotes some form of parallel composition (cf. compositional
reasoning with model checkers). There are two major rules that are
needed to achieve correctness by construction: composability and com-
positionality [21]. Composability means that a components property is
preserved across integration. Compositionality means that one should
be allowed to derive global properties from the properties of the indi-
vidual components. Extensive, more formal description of these terms
can be found in [16].

Supporting the development of component-based software systems
using engineering models is at its infancy. This thesis should shed a
light on the needs of future formal verification tools that intend to sup-
port the engineer from the conception of the product all the way down
to verifying individual components, and composed systems.
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Chapter 6

Development with
SpecTRM

This chapter describes the development process of the case study in
terms of CBSE using formal methods and intent specification.

6.1 Increasing Dependability in SpecTRM

SpecTRM has some means to increase the dependability of the system
being designed. Most of them are fault preventive means based on
the fact that important information often can be left out in the docu-
mentation. For instance, the acceptable value of inputs and outputs
has to be documented explicitly. If the values are outside the accept-
able range, the exception handling must be documented. The types of
value exception handling are “None”, “Force to <CONSTANT>“ or
“Force to Nearest Limit”. Documenting limits and exception-handling
early in the design phase is one way to prevent errors. Another type
of fault prevention is that state elements have to include an Unknown
state. State elements are, as described in section 3.6, inferences that the
controller makes about the controlled process. Many accidents have
occurred because controllers have made false assumptions about the
controlled process state [18]. By defining an Unknown state and mak-
ing a transition to this state on system startup or restart, the controller
does not make any assumptions until enough information is recieved.

Documenting the obsolescence of input signals is another way for
fault-prevention. This means that each input must have an Obsolete
transition that is taken when a specified time has passed since the sig-
nal was last received, thus making the input value invalid. Document-
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ing the obsolescence forces consideration about how long data is valid
and what to do when no valid data has been received for longer than
that time [18].

There are also fields for other attributes such as timing behavior of
inputs and outputs and hazardous values and feedback information of
outputs. These are all optional fields but at least they are present in the
specification and have to be deleted explicitly, forces the developers to
make a consideration about the attribute.

6.2 Analysis in SpecTRM

One important property of a specification is completeness. Complete-
ness in specification increases dependability. An incomplete specifi-
cation has some missing information and this can often result in un-
expected behavior, which in turn may cause accidents. A complete
model has to be deterministic and robust [18], terms that will be ex-
plained below. SpecTRM provides automatic analysis of both deter-
minism and robustness.

6.2.1 Determinism Analysis

Nondeterminism in the behavior of a SpecTRM-RL model indicates
incompleteness in the requirements and can be seen as conditions that
make more than one AND/OR table in a single mode or state true at
the same time. For instance, if all the expressions in the tables in figure
3.5 evaluate to true, the State1-table and State2-table both evaluate to
true. This means that both the transition to State1 and the transition to
State2 can be taken i.e. the behavior is nondeterministic. Additional
information must be added to the specification to reduce the case of
nondeterminism down to one deterministic choice. In practice, if non-
determinism is left in the requirements, the implementers will have to
make the decision of how the software will behave. This may cause er-
rors in the software since they might make their choice deliberately, or
they might simply not realize that more than one behavior is possible.

6.2.2 Robustness Analysis

Robustness is the degree to which a system or component can func-
tion correctly in presence of invalid inputs [40]. A system is robust
when there is a specified response for every combination of inputs that
might come in to the system. Nonrobustness in a SpecTRM-RL model
indicates incomplete requirements and occurs when there is no table
in a state or mode definition that is true for some set of conditions.
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For instance, if all the expressions in the tables in figure 3.5 evaluate
to false, none of the columns in the tables evaluate to true and none of
the tables evaluate to true. This means that no transition is defined for
the conditions i.e. the behavior is not robust. Additional information
must be added to the specification to make one of the tables true.

Robustness and determinism analysis of elements can be done au-
tomatically in SpecTRM. Both the robustness and the determinism
analysis provide counterexamples that show possible nonrobustness
and nondeterminism scenarios. For example, by selecting a specific el-
ement in the SpecTRM model, e.g. a system state, the analysis results
in a series of tables. Each table shows one scenario that exposes an in-
stance of nondeterminism or nonrobustness in the original conditions.
However, both of these analyses are onservative, meaning that some
of the counterexamples are false alarms i.e. expressing scenarios that
never could occur. The problem with false alarms will be described
later on in this chapter.

6.3 SpecTRM and CBSE

A CBSE approach was chosen in the case study to evaluate support for
upgrades and this turned out to be easily adapted in SpecTRM. To in-
corporate component-based engineering in SpecTRM, two paths can
be followed. Either a complete and stand alone intent specification can
be created for each component in the system and one separate for the
system as done in [49] or, as done in this thesis, only one intent speci-
fication is done that includes the system and all components. Level 0,
level 1 and level 2 includes information of the whole system and the
components but the components are represented individually as black
box models in level 3 i.e. the components are encapsulated and have
well-defined interfaces.

There are drawbacks for each choice. Writing complete intent spec-
ifications for the individual components is maybe the genuine way in
component-based engineering, but then it would be difficult to link
the component and system specification together. It would be possi-
ble to create functioning traces but the traces would link to different
documents, which would create a more complex documentation, thus,
making it hard to get an overview of the overall specifications. Further
on, writing a complete intent specification of a small component may
be unnecessary since Level 0 is hard to implement at component level,
it is more suitable at system level. By using the path followed in this
thesis, all information can be found in one single document and trace-
ability becomes less complex. On the other hand, when changing the
specification and choosing a new component, more changes have to
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be made in the single specification document than if each component
had its own document.

One way to achieve the benefits from both paths would be a sup-
port in SpecTRM for writing separate intent specifications but to be
able to merge all documents into one document in an automatic way.
This could be achieved if the text flow-based representation would be
abandoned for a model-based representation of the specification.

6.3.1 SpecTRM-COM

It turned out that the black box models in SpecTRM-RL could easily
be used as component models. In this case study, the black box model
was adopted as a component model that from now on will be referred
to as SpecTRM-COM.

SpecTRM-COMs fits well into the characteristics of a component
model. They are self-contained reusable entities with fully defined in-
terfaces. Not only inputs and outputs are defined in the interface, but
more functional properties are defined which would classify them as
rich interfaces [10]. Since inputs and outputs are typed, type consis-
tency checking is done during validation. SpecTRM-COMs are also
black box models that separate the implementation from the interface.

By using SpecTRM-COM, SpecTRM adapts to CBSE in lots of re-
spects. The components fully encapsulated and are easy to integrate
into systems. When working with several components, traces can be
made between all components that makes environment well suited
for CBSE. However, SpecTRM does not provide a lot of help during
component integration. The only consistency check available is type
checking that is during validation of the SpecTRM-RL models.

6.3.2 Components in Remote Robot Control Unit

The RRCU was broken down into five SpecTRM-COMs: the Human
Machine Interface, the Control System, the Planner, the Navigation
System and the Map and Obstacle Database see Figure 6.1. The com-
ponents will be represented in the SpecTRM visualization method sh-
own in figure 3.4.

HMI

The human-machine interface is the interface between the operator
and the RRCU. It shall provide adequate controls to handle all opera-
tions. The HMI is in the highest layer in figure 1.1. The focus was not
on the HMI in this thesis the HMI will not be considered from now on.
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Figure 6.1: Remote Robot Control Unit architecture.

Control System

The Control System (CS), see figure 6.2, is the main coordinator and
can be compared with the middle layer in figure 1.1. It takes care of all
communication to and from the robot, including the passing of data
between the operator and the robot but it also takes care of the overall
controlling, it initiates computations and controls the output to the
robot. The CS is a time-triggered reactive system, that handles events
based on time but also reacts to input from the operator. Events are
inputs from the operator, the Planner or the navigation system.

The CS interacts with both the planner and the navigation system
but also the operator via the HMI. To create both joystick navigation
but also route planning, the CS has two supervisory modes, Opera-
tor mode or Planner mode. When in Operator mode, the RRCU shall
control the robot according to input from the joystick but at the same
time control the robot safely. This is done by reading signals from the
joystick in specific time intervals and passing them to the navigation
system. The navigation system then adjusts the trajectory to make it
“safe” and passes it back to the CS who then sends it to the robot. In
Planner mode, the robot starts from the parking area and navigates
along a path set by the operator. The CS recieves the correct trajectory
to the next navigation point by the Planner and passes this informa-
tion to the navigation system . The navigation system then sends the
safe trajectory which the CS passes to the robot.
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Figure 6.2: The Control System.

Since the CS controls the robot, both during startup initialization
and operation, the CS has to monitor the state of the robot and all the
subsystems. By having these states, the CS knows when all subsys-
tems are functioning and knows when the robot shall be allowed to
start moving. By this, the CS can easily fulfill both pcs1 and pcs2.

MODB

MODB (see Figure 6.3) stands for Map and Obstacle Database since
its initial goal only was to store data. During the development, some
functionalities were added to the component but the name was kept.
The MODB has two main goals. The first goal is to store a complete
representation of the map including obstacles, navigation points and
circulation points. All values are stored by the operator and staticaly
stored. The values can only change on demand by the operator. The
second goal is to calculate the distance to an object. The MODB has
some other minor functionalities; it shall send the coordinates of nav-
igation points and also be able to check if a coordinate is a circulation
point.

Since SpecTRM-RL is a requirement language, advanced data-handling
is difficult to design. Nested loops and internal function calls were not
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Figure 6.3: The Map and Obstacle Database.

possible in the early versions of SpecTRM. This made the data storage
and some of the data handling impossible to design in SpecTRM. This
is not the intention either, since implementation is supposed to be left
until lower levels of the intent specification. The problem with data
handling also comes in Esterel. Here, this kind of functionality has to
be written in one of the host languages C or VHDL. The Esterel code of
the MODB can be found in Appendix E and the SpecTRM-RL model
of the MODB can be found in Appendix D.

Planner

The Planner is a reactive subsystem. It has two goals: Calculate the
optimal trajectory to the next navigation point and also to monitor
if the robot passes a circulation point. Thus, the Planner needs to
keep record of the coordinates of the next navigation point. To achieve
this, the planner needs to communicate with the Control System and
the MODB. The Planner is only initialized when the CS is in Planner
mode, otherwise, the planner is in idle mode.

The planner takes care of high-level planning for the robot. The
optimal trajectory is then sent to the navigation system for a more low-
level planning to ensure safe navigation.

Navigation System

The navigation system (NS) handles the final control of the robots nav-
igation. It is responsible to provide the control system with safe trajec-
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Figure 6.4: The Planner.

tory for the robot. In order to achieve a safe trajectory, the navigation
system uses the Modified Dynamic Window Algorithm described in
section 2.4.1. On command by the CS, a new trajectory is calculated
and sent back to the CS. Depending on the robots position (Work Area
or Parking Zone, different algorithms are used. The navigation system
calculates a safe trajectory for the robot and sends this trajectory back
to the control system who forwards the command to the robot. Dur-
ing this calculation, the NS interacts with the MODB for information
about the map.

Due to the problem with advanced data-handling, the navigation
system could not be designed completely in SpecTRM.

Control
System MODB
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Figure 6.5: The Navigation System.

One could say that the Navigation System takes care of the lowest
layer of the reactive system in figure 1.1.
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6.4 Analysis

Both the robustness and the completeness analysis in SpecTRM was
shown to be a good toolset for finding errors and a good help for writ-
ing complete specifications. Useful counterexamples where the speci-
fication was nondeterministic and non-robust where presented, which
often showed examples forgotten during the design.

False positives

During the analysis, some false alarms where reported. For example,
conditions that are mutually exclusive could be reported as an error.
For instance, consider a element where the conditions x ≤ 5 and x >
5 both are used in a AND/OR table. The robustness analysis then
generates an error report with a counterexample where x ≤ 5 = False
and x > 5 = False, stating that the specification is nonrobust. This is
a clearly a false alarm since x ≤ 5 = False and x > 5 = False clearly
are mutually exclusive i.e. x must have one of these values. Thus we
do not need to specify any behavior under this unsatisfied condition
and the error is false.

These problem arises due to the symbolic representation of the
AND/OR tables in the BDDs [24]. To check if two predicates are
the same, no interpretation of the predicates is done, only structural
equivalence is used. Hence, no interrelationships between predicates
are considered. This has the consequence that spurious error may oc-
cur when writing arithmetic and function references such as the ex-
ample described above. To avoid the false positives generated in the
example, one should skip the expression x ≤ 5 and use the expression
¬x > 5 instead. However, this cannot be done when you want to com-
pare x to more values than 5.

Although lots of false alarms were created in some cases, many of
the counterexamples showed missing information in the specification.
Some of these errors should have caused failures in the system if not
detected. Since they where detected early in the development process,
the time to fix them was short, probably shorter than fixing the error
after implementation.

6.5 Simulation in SpecTRM

SpecTRM provides a simulator where valid SpecTRM-RL models can
be executed and their behavior can be monitored. All elements of the
model, their values and all events are presented on the screen during
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the simulation. Data files can be fed to the SpecTRM simulator as in-
put to the model and output data from the simulation can be stored in
files. No interaction with the simulator can be done during execution
except for handling the progress of the simulator by stepping through
events or stopping the simulation. This is a drawback since it is time
consuming to create input files for wanted test sequences.

SpecTRM simulation is well suited for CBSE since component mod-
els can be connected and the complete system can be simulated. Out-
puts from components can be connected to inputs in other compo-
nents. Type checking is done so that inputs and outputs match dur-
ing simulation. This is a good feature that increases the ability to use
component-based engineering.

The system behavior can also be visualized during simulation. All
SpecTRM-RL elements can be represented in the visualization and
their status can be monitored during simulation. The visualization
looks much like the figures 6.2,6.4, 6.5 and 6.3, where events and el-
ements are represented in colors. The current states or mode are lit
up in yellow. Inputs and outputs are displayed in green when they
are absent but are lit up in blue when present. A visualization makes
the simulation much more usable since only the wanted elements can
be monitored. The big flaw is that the visualization configuration has
to be done by hand which takes quite some time when working with
large models with many elements. An automatic configuration of vi-
sualization would save much time. A general problem with manual
creation of visualizations is that all desired elements must be explicitly
defined. Thus, important signals or states can be left out unintention-
ally and missed during simulation.

6.5.1 Simulations of RRCU

Individual simulation of each component was done to check the spec-
ified behavior. Since input files had to be fed into the simulator and no
online interaction was possible, it was sometimes hard to test desired
behavior.

Simulation shows the control behavior of the system. By creating
a visualization of the simulation, the user can get a good overview
of the system behavior such as transitions between modes and states.
Simulation revealed errors in design, mainly initialization values and
improper exception handling. For instance, the behavior of the fault
prevention mechanism that turns values into “Obsolete” after a speci-
fied time was clearly shown during simulation. However, creating in-
put files that would correspond to specific behaviors was really time
consuming.
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6.6 Evaluation of SpecTRM

Traceability is mentioned as one main goal of SpecTRM. Traceability
is implemented as hyperlinks to different positions inside the Intent
Specification document or to other documents such as safety plans
etc. These hyperlinks have to be created manually by the user, i.e. re-
quirements, assumptions and limitations are traceable if and only if
the developer explicitly creates them. Further on, these traces are only
unidirectional i.e. if creating a link between a hazard and a require-
ment, you have to create another link from the requirement back to
the hazard to achieve backward tracing. A more sophisticated support
would be to make certain links automatic or query to the user when
one part of a link was changed to enforce a consideration of change at
another end. However, such less primitive support is missing in the
tool.

The AND/OR-tables described in section 3.6.1 are a good feature
of SpecTRM. For people with no training in formal languages, the ta-
bles are easy to read and understand compared to long logical state-
ments.

The modeling language SpecTRM-RL was found to be easy to learn.
SpecTRM-RL also provides a function language for more complex nu-
merical calculations. However, the functional language was not ex-
pressive enough for some of the numerical computations and data-
exchange structure used for navigation in the Navigation System. It
was not possible to model the navigation algorithm since data had to
be exchanged between the Navigation System and the MODB within
the algorithm and this was not possible to design in SpecTRM. Thus,
the Navigation System as it is designed today is incompletely repre-
sented in SpecTRM-RL. It could be the case that another design phi-
losophy would match the data exchange structure of the SpecTRM
models better.

The structure of the intent specification is good but it can be hard
to map the 3D structure in Figure 5.1 into the text flow in SpecTRM.
Maybe another structure can make the 3D structure more obvious.

The simulator in SpecTRM is useful to monitor control behavior of
the models. More advanced data handling is more difficult since input
data must be created manually if components are simulated individu-
ally.

One of the big flaws is the immaturity of the SpecTRM tool. Lots
of bugs where found during the development. The good part is that
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these bug where fixed quite fast by the developers and new releases
of the software were available. Only during this thesis work over 5
months, 17 new versions of SpecTRM were released, each one a bit
better that the older version. The upgrades of the software were made
easy with the Eclipse update manager. However, since the tool was
unstable and the intent specification files sometimes became corrupt,
Level 0, Level 1 and Level 2 were all written in a ordinary word pro-
cessor to save time in losing documented work. This made the traces
between the above levels down to level 3 impossible and made the de-
velopment slightly more difficult. Unknown error was a frequent error
message during simulation setup and since no error report were cre-
ated the reason is still unknown.

In SpecTRM, you are forced to use the intent specification. But to
create an intent specification, you are not forced to use SpecTRM. By
using the same framework represented in SpecTRM, much of the ba-
sis of an intent specification could be created in another Requirement
management tool such as CORE [14] and DOORS [47]. In compari-
son with CORE and DOORS, SpecTRM is not as well structured and
project-oriented. Both DOORS and CORE support advanced trace-
ability, ownership, history and graphical tools for creating various di-
agrams. These tools also offer the choice to maintain author of spec-
ifications and other features that are not available in SpecTRM. An-
other feature with both CORE and DOORS are their ability to combine
with databases. Both SpecTRM and DOORS are document-oriented
requirement tools but CASE is object-oriented requirement tool. In
some cases, the word processor based specification can be more un-
derstandable and easier to grasp than an object-oriented specification
but in the long run, with evolving systems, the object-oriented view
could be more maintainable.

6.7 Formal Verification

Since a complete design of the system is done in level 3 it would
be desirable to verify the properties described in section 2.5. As de-
scribed earlier, only robustness and completeness analysis is available
in SpecTRM, no model checking or SAT-provers. Thus, the SpecTRM-
RL model has to be translated into another formal language and en-
vironment (tool) that supports that verification. The language chosen
was Esterel [6], a synchronous language described earlier in section
3.4.3. The tool Esterel Studio provides both a textual and a graphical
programming environment. Since SpecTRM-models are more of the
textual nature, the textual version of Esterel Studio was chosen instead
of the graphical.
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6.7.1 Translation to Esterel

Each SpecTRM model was manually translated into an Esterel mod-
ule. The Esterel modules can be simulated and verified individually in
Esterel Studio. The modules can also be connected and run in parallel
to form the complete system.

The translation to Esterel was rather tedious. Since the models in
SpecTRM are based on AND/OR-tables and no such format is pro-
vided in Esterel, these tables had to be interpreted and transformed
into Esterel code. Some incompatibilities between SpecTRM models
and Esterel exist. Inputs and outputs from the models are translated
into inputs and outputs from the Esterel modules. Here, the differ-
ences are that outputs from SpecTRM models can be vectors with mul-
tiple values; this option does not exist in Esterel where an output only
can send a single value. The SpecTRM output vectors had to be split
and represented as individual signals in Esterel. Modes and states had
to be created with the help of internal signals in Esterel and blocks.
SpecTRM provides a spectrum of functions, for example trigonomet-
ric functions, which are not available in Esterel. They have to be trans-
lated to Esterel’s host language C or VHDL, since functions in Esterel
can only be external objects written in a host language. The full Esterel
code for the MODB can be found in Appendix E.

6.7.2 Verification in Esterel Studio

Esterel Studio provides two verification engines, both a SAT-solver
and a BBD-based model checker. The verifier only handles pure sig-
nals i.e. the data is abstracted away during verification. Hence, only
safety and control properties can be verified in Esterel Studio such
as pcs1 and pcs2 in table 2.1. However, Esterel Studio provides some
opportunities to translate the Esterel code into other languages to be
used in symbolic model checkers that could verify data and liveness
properties. A good description can be found in [23].

6.7.3 Observers

In Esterel studio, properties are coded as observers. Observers are
state machines that take the inputs and outputs from the system and
emit an alarm if the property encoded in the observer is not satisfied.

These state machines are composed with the program at compile
time, and the abssence of emittance of alarms can be proved by formal
verification i.e. proving that 2¬Alarm.
An example of an observer for property pcs2, “MoveCommand can
never be emitted if the Planner and the Navigation System is not ready”,
can be written in Esterel as follows:
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Figure 6.6: Obsevers monitoring the Esterel model.

loop
present MoveCommand and not NSReady and not PlannerReady then

emit Alarm_Pcs4
end present

each tick

Liveness properties are properties that state progress in the state
transition during runtime. Observers can be made that emit an alive
signal when the property is fulfilled and the problem is then to prove
3Alarm or 32Alarm, as in the properties pp1 in table 2.2 and pns1

in table 2.3. Unfortunately, these can not be verified in Esterel Stu-
dio. However, bounded liveness properties (pp2 and pns2) are stronger
properties and they can be verified in Esterel Studio. This is done by
using two observers in parallel, one emitting an Alive signal and one
emitting an Alarm signal when the bounded time has passed without
the property being fulfilled. In the case of pns2, “If CheckTrajectory
is received, then SafeTrajectory must be calculated and sent within
10 milliseconds”, the parallel observers could look as follows:

[
loop

present SafeTrajectory then
emit Alive_ns2

each tick

||

await CheckTrajectory
abort

await BOUNDED_TIME tick;
emit Alarm_ns2

when Alive_ns2
]
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where BOUNDED_TIMEis the number of instants corresponding to
the waiting time which in this case is 10 milliseconds.

6.7.4 Verification Results

The static, control properties pcs1, pcs2, pcs4 could be proven to be true
in Esterel Studio. The property pcs3, “When the emergency signal is re-
ceived, then the robot shall be commanded to a halt”, was not proven
to be true because the Control System was designed to only command
Halt to the robot when in operating mode. If pcs3 is reformulated to
“When in operating mode and the emergency signal is received, then
the robot shall be commanded to a halt” the property could be proven
to be true.

Since Esterel Studio cannot verify liveness properties, pp1 and pns1,
cannot be proven true. However, bounded properties can be verified.
The bounded data properties pp2,” If PlanTrajectory is received, then
the new trajectory must be calculated and SafeTrajectory must be
sent within 50 milliseconds”, was proven false. This is because the
system was designed so that the Planner is interrupted by the Control
System when a mission is aborted i.e. SafeTrajectory is not sent if
a mission is aborted. Hence, technically speaking, this is not a fault
in the design but a weak statement of a requirement. The require-
ment should be formulated “If the mission is not aborted, then the
SafeTrajectory is sent within 50 milliseconds”. The other bounded
liveness property, pns2 was proven to be true.

As described before, data properties are not verifiable in Esterel
Studio since values are not used during verification. Hence, data prop-
erties such as ps1, ps2, ps3, ps4, pns3, pns4 were not verified. However,
using other tools such as SMV or Scade these properties may be veri-
fied. This is a topic for future explorations.

The data properties pns3, pns4, ps3 and ps4 could be proven true by
analyzing the Navigation System code. For example, the algorithm
that calculates the speed of the robot does not emit values higher than
0.5 m/s or lower than 0.05 m/s to the robot when it is inside the work
area, hence pns4 is true. However, these properties cannot be proven
true using the automatic tools that we used.

6.8 Summary

SpecTRM is a new development tool for safety-critical systems. Since
it is quite new on the market, it is a rather immature tool. However,
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the tool is continuously improving. SpecTRM was proven to be a good
tool for designing control-handling components but not as good for
the design of data-handling components, which is not the ambition
either. The SpecTRM-RL models are well suited for translation to Es-
terel, since both languages can describe control behavior in an exten-
sive way. However, none of the languages are good for advanced data
handling.

SpecTRM does not provide any new revolutionary techniques but
it provides a simple formal framework for the development, which in-
creases the dependability of the system by reducing the risks of over-
sight in specifications. It could easily be adapted into component-
based software engineering. Further on, SpecTRM provides tools for
creating forward and backward traceability. The drawback is that the
traces have to be implemented completely manually.

Some enhancements could be done to SpecTRM. For instance some
kind of graphical overview of all the traces would help the upgrade
process, maybe even some kind of upgrade wizard that keeps track
of which traces have been followed and so on. Another feature could
be a code generator, perhaps to a tool like Esterel that can provide
more verification tools. Since plug-ins are easy to create, SpecTRM is
a dynamic tool and all these enhancements could be implemented as
individual plug-ins. Improving the analysis by eliminating the false
alarms would further improve the tool.

Simulation is a good tool but the simulator does not provide any
online interaction during execution. This means that input files have
to be generated in advanced to show specific behaviors of the system.
This is very time consuming and the simulation would be more effec-
tive if online interaction could be done.



Chapter 7

System Upgrades

The process of upgrading a system can be very challenging and time
consuming. In literature, many process models can be found but few
explicit guidelines for successful upgrades exist. This chapter will
present an upgrade process guideline based on the experience during
the case study.

7.1 Overview

A well-designed system shall not only fulfill the customer’s functional
requirements. Other characteristics are important for the end user
such as inexpensive systems and systems that are easy to use. De-
signers also strive for inexpensive but also simple and well-structured
systems. One approach to decrease the costs is reusability i.e. design-
ing systems or subsystems that are reusable so that costs are lowered
in the long run. One way of doing this is Component-Based System
Engineering described in chapter 4. Nowadays, due to increased rate
of change of new technology the needs for more frequent updates are
even more important [44].

Upgradeable systems have positive influence on business since th-
ese systems have longer life cycle and stimulate reuse. There are many
aspects that affect the ease and ability to make a system upgrade. For-
mality of specification and traceability described in section 3.4.1 and
3.3 are just some. Traceability is very important during the upgrade
process. The traces guide the developer to the parts that are affected
by a change in a requirement. Formality ensures that the new ver-
sion can be efficiently checked for satisfaction of the earlier established
properties.

To enforce these characteristics on the system being developed, a
framework or guideline that supports upgrades is needed.
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CBSE described in Chapter 4 offers a step towards easier upgrades
[13]. There are some advantages when upgrading individual compo-
nents instead of upgrading a complete monolithic system: 1) abstrac-
tion i.e. small changes can be made to selected components, 2) easy
roll-back i.e. one can undo the change by replacing the upgraded com-
ponent with the existing one, 3) verification is easier and quicker on
small components than on large systems.

Upgrades that preserve dependability can be hard to create. There
are some solutions to create dependability preserving upgrades of sys-
tems. One way to solve this problem is by keeping multiple com-
ponents (new and old versions of the same component) running in
parallel until the new version is proved to be functionally correct as
proposed in [13], i.e. sort of a multi-version system. Another solu-
tion, similar to the previous is having a simple, reliable core compo-
nent that handles the basic, safety-critical properties and then having
a more complex high-performance component that is the focus of the
upgrades [43].

7.2 Upgrades in SpecTRM

Experience showed that one the most important requirements of a
specification during an update was traceability. With little or no trace-
ability, an upgrade can be very difficult, in some cases impossible. A
traceable specification aids the developer in the upgrade process.

Using SpecTRM for an Intent Specification and implementing traces
from the high-level requirements and the constraints down to the spec-
ification and the model in level 3 helps in the upgrade process. Also,
by having the intent documented, a better view and understanding
of the system is created. When small upgrades are done, the cause of
the upgrade can be traced down and the changes can be done easily.
However, since no good overview of the traces can be found, the up-
grade process can become more complex when a requirement change
affects many parts of the specification.

7.3 The proposed Sigma-model

When the system is functional and operating, the system life-cycle is
in the maintenance phase according to the waterfall model (see figure
3.2). Since systems often have a very long lifetime, upgrades are often
needed. The upgrade process in CBSE can be divided into four phases:
upgrade analysis, implementation, integration, verification. The upgrade
analysis phase is where the new upgrades are decided and analyzed.



7.3. The proposed Sigma-model 67

Input from customers, users and implementers may result in require-
ment changes upgrades, error-fixing upgrades or environment-change
upgrades. During this phase, the effect of the change should be pre-
dicted, such as upgrade costs or risks, before the decision of making
the upgrade should be made. A decision will result in changes in the
original requirement document as well as the specification document.
This phase is highly dependant of the traceability on the original re-
quirements down to the specification and implementation. A trace
analysis of the specification could show how tightly coupled the sys-
tem is and could hint how extensive an upgrade could become.

After the preparation, the next phase is the implementation. The
implementation may consist of finding new components that fit into
the new requirements or upgrading existing components. Finally, the
new component shall be integrated into the system and properties
must be verified. The upgrade process is now back where it started;
an operational system that needs maintenance.
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Component
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Figure 7.1: The Sigma-model

There is no process model that completely captures the iterative
upgrade process. The waterfall model ends with maintenance and the
vee-model ends with operational capability of the system. The spiral
model [8] does capture an iterative process but does not really show
the ongoing upgrade processes during the whole system lifetime. Fig-
ure 7.1 shows a model that is a transformation of the waterfall-model
and the spiral-model into a model that fits well with both CBSE and
upgrades. It will be called the sigma-model due to its resemblance
with a reversed Greek letter sigma (σ). The four phases of the up-
grade process described in this chapter are merged into the develop-
ment process. Verification is done between all phases in the process
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and feedback should also be used between any process phases.

Experience during the case study has shown that by using this
model, a well structured upgrade is made possible throughout the
system life-cycle and that the model captures the work flow during
an upgrade.

7.4 Upgrades of the Remote Robot Control Unit

The first version of the RRCU only handled a static map with static
obstacles. The components in the first version were integrated, tested
and properties were verified. Then, a new requirement was added.
The new version was supposed to handle moving objects. These ob-
jects were now supposed to be represented by their shape and a sim-
ple function describing the speed and direction of the object. No con-
straints on the speed of the obstacles were defined in the specification.

7.4.1 Upgrade Analysis

The analysis of the upgrade i.e. the Upgrade Analysis phase in the
sigma-model, consist of recognizing and changing the high-level re-
quirements affected by the upgrade. In this case, only one high-level
requirement was changed. However, environment assumption and
system limitations were also changed. After that, a more thorough
analysis was done by following the traces down to the lower lev-
els and finally pin-pointing the design decisions affected by the up-
grade. This analysis can first be done in order to evaluate if the up-
grade is possible and estimate the approximate work needed for the
upgrade. By having a graphical representation of traces and depen-
dencies between requirements and components, this work could have
been made much easier.

Changes in Remote Robot Controller

The upgrade analysis showed that the requirement concerning the
static objects, which now was changed to cover dynamic objects, mostly
affected the MODB. In the first version, the main function of the MODB
was to store data and also to calculate the robots distance to objects.
The upgrade caused the MODB to also be able to calculate the ob-
stacles position since they now became dynamic. These new require-
ments were added into the intent specification. Since the obstacles
had to start moving at some point, the MODB needed to know when
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to start moving obstacles and also be able to calculate the obstacles
position during the operation. This was done by adding a new input
Operating with the values {Start, Stop} which was sent as an output
from Control System when the robot started to operate, see Figure 7.2
for the MODB after the upgrade. To know in which state the mission
is, a new inferred state that monitors the state of the mission had to
be added. Each obstacle had to be represented as a function to be able
to keep track of the obstacles position. This was a rather bad design
since the design became dependent on the obstacles but this was the
only solution at the time.
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Figure 7.2: The MODB after the upgrade.

Time analysis of the system had to be done in order to see which
timeliness properties had to be rechecked. Since there were no con-
straints on the speed of the obstacles, the time analysis could not gen-
erate any new properties.

7.4.2 Component Implementation

A new MODB was designed according to the new upgrade. The in-
tent specification in SpecTRM and the Esterel code was also updated.
The changes in the Esterel code can be seen in Appendix E. Only two



70 Chapter 7. System Upgrades

moving objects were coded into the MODB.
Since both the control system and the MODB were affected by the

upgrade, the Esterel code had to be changed for both components as
well as the SpecTRM-models. Much of the changes in the MODB con-
cerned data handling e.g. keeping track of robot movement, which
did not effect the Esterel code more that creating new functions in the
host language C. In the MODB Esterel module (see Appendix E.2), one
parallel block had to be created for the obstacle movement, one new
input variable and one motion function for each obstacle. A total of 35
lines of Esterel code and 24 lines of C code were added to the MODB
in Esterel Studio. This corresponds to a 30All in all, 37 lines of Esterel
code and 24 lines of C code were added to two Esterel modules and
two models in the intent specification were affected by the above up-
grade. The Esterel and C code only included two moving objects i.e.
with more objects, new code must be added.

7.4.3 Component Integration

Finally, the old MODB was replaced by the new component, i.e. the
component integration phase was visited one more time. In SpecTRM,
the old SpecTRM-COMs could be exchanged with the new compo-
nents.

Complete system simulations were done to test the system behav-
ior. Since no changes in the mode transitions were made, these be-
haviors did not need to be simulated again. The big change was the
obstacle movement calculations in MODB and the output from CS.
These new behaviors could easily be simulated.

7.4.4 Re-verification

Since changes were made on the components, verification of the prop-
erties had to be done again. Currently there is no support for reducing
the number of verification attempts after each upgrades, but since the
observers already exist, the verification could easily be done again.

7.5 Summary

A system life cycle does not end with the finished product. The life
of the system continues on with maintenance and future upgrades.
The reason behind a system upgrade can be requested changes in the
requirement from the customer or that the system should be used in
another environment, but it can also be error-reports that cause an
upgrade.
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The emphasis on the intent specification is helpful in the upgrade
process. Experience during the case study showed that when the in-
tent was not documented thoroughly enough, the upgrade became
more tedious and error-prone. In contrast, with the a well structured
documentation including the intent rationale, the upgrade became eas-
ier.

This thesis proposes a more structured upgrade process called the
sigma-model. Some aspects have to be provided for a successful up-
grade, such as well-documented specifications, traceability and ab-
straction. All of these, except the trace overview, is provided with
an Intent Specification in SpecTRM.
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Chapter 8

Conclusions and future
work

The contributions of this thesis work can be summarized as follows:

• Study of the SpecTRM tool environment for applicability in comp-
onent-based system development and in the upgrade process.

• Study of formal methods in the system upgrade process both
at early specification stage and at later detailed development
stages.

• Study of the above aspects using a robot control case study with
one specific upgrade and illustration of the effects of the pro-
vided tools and methods.

• Proposing a system upgrade process guideline, the Sigma model
that encapsulates the above findings.

We now summarize the findings of the project.

8.1 Conclusions

In the literature, attributes like “extremely complex”, “very difficult”
and “time-consuming” are often associated with the development and
upgrade of safety-critical systems. This thesis emphasizes that the up-
grade process could be made easier using a structured development
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method and with guidance from proper tools. An upgrade can be
made much more easy with proper planning, high traceability and a
decoupled system.

This thesis proposes a component-based development guideline
that simplifies the upgrade process called the sigma-model. By fol-
lowing this guideline, upgrades can be made in a more structured way.
Good traceability, feedback and verification is mandatory during up-
grades, thus the development tool must provide such mechanisms.

The problem formulation in chapter 1 stated these four questions:

1. How do Intent Specification improve the dependability of a sys-
tem?

2. Does an adequate support for traceability of user requirements exist
and how does it support the upgrade process?

3. How can formal methods be used to make the testing more effi-
cient?

4. Does SpecTRM support verification or validation of system require-
ments?

The following paragraphs will summarize the answers to these ques-
tions.

Upgrading an Intent Specification

Traceability is the cornerstone of system upgrades. Insufficient trace-
ability in your specification makes the upgrade process very tedious
and in large systems almost impossible. The Intent Specification em-
phasizes on high traceability between user requirements and design
decisions, which is very helpful in the upgrade process. By further
emphasizing on documenting the intent behind decisions, upgrades
can be made easier and the rationale behind design decisions is not
forgotten. This answers parts of questions 1 and 2 in the problem for-
mulation.

Traceability in SpecTRM

Traceability is a design goal that is hard to achieve. Tools often provide
support for traceability in the development process but in the end it is
often up to the developer to implement the traces. SpecTRM provides
traceability but does not revolutionize the technique of traceability;
the trace technique in SpecTRM can even be found in word processors
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such as Word. Moreover, SpecTRM does not provide any overview
of traces available; such an overview could make the upgrade process
easier. This answers part of question 2 in the problem formulation.

Formal Methods and upgrades

Formal methods do help the upgrade process. First of all, using a for-
mal specification language to specify the system adds structure to the
documentation. A well-structured specification, with a high degree
of traceability, is an essential basis for an efficient upgrade. SpecTRM
provides a good formal structure for writing specifications but only
limited amount of formal verification. The robustness and determin-
ism analysis improves the ability of writing complete specifications.
This answers part of question 3 in the problem formulation.

Formal methods and testing

Formal methods should be a complement to testing. Testing can only
prove presence of faults. Formal methods can however be used to
establish the absence of certain types of faults. The verifier in Esterel
proved very efficient in verifying control properties but other tools are
needed for more complex properties. This answers question 3 in the
problem formulation.

Verification in SpecTRM

The only verification that SpecTRM can provide is simulation of the
specification. Output from the simulator could be analyzed and the
behavior of the system could be verified. However, simulation should
be complemented by formal verification since the complete behavior
cannot be simulated. By translating the SpecTRM model into Esterel,
an environment that supports both simulation and verification is pro-
vided. This answers part of question 4 in the problem formulation.

8.2 Future work

During this work, some ideas of future work have emerged. SpecTRM
is a tool under development and could be further enhanced.

• Since temporal information is provided in the intent specifica-
tion, temporal analysis could be done.

• An automatic translator that translates the SpecTRM-RL models
into Esterel or some other similar tool to create a complete envi-
ronment for specification, simulation and verification would be



76 Chapter 8. Conclusions and future work

desirable. Some work has already started in Linköping Univer-
sity in this area.

• The problems with false alarms in the analysis in SpecTRM could
possibly be eliminated by using a theorem prover. The problem
is discussed in [24] and further research could be done in that
area.

• A graphical representation of the traces in SpecTRM would be
a very useful extension and essential for its industrial take-up.
This would definitely help during the upgrade process.

• Future tools such as SCADE for data-handling, UML-based case
tools, and Matlab that deals with numerical properties as well as
limited discrete representations should be studied with the same
case study to put the above findings in more perspective.
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Appendix A

Introduction to logics

Logics provide a way to reason about the real world in a formal way.
Instead of using natural language such as English, people can use log-
ics to express the world in a more precisely and concisely way. By
using logics, one can draw conclusions and make proofs about the
world. The pursuit for correctness has caused logics to find its way
into most scientific disciplines, including computer science. The com-
plexity of computer systems makes the basic logics insufficient, thus
forcing new breeds of logics to evolve. This chapter will provide an
overview of some of the most important logics, more extensive de-
scriptions can be found in [23, 39].

Propositional logic

A proposition is a sentence that is either true or false. Sentences (or
compound propositions) in propostional logics are built by joining
primitive propositions (simple or atomic propositions) with a set of
connectives. The prime propositions are viewed as atoms that cannot
be broken down into smaller propositions. The connectives are nega-
tion ¬, conjunction ∧, disjunction ∨, implication ⇒ and equivalence
⇔.

Name Read as Notation
negation not ¬
conjunction and ∧
disjunction or ∨
implication if .. then .. ⇒, ⊃
equivalence (biconditional) if and only if ⇔, ≡

For example, expressing “CheckP lannerTrajectory and
CheckOperatorTrajectory can never be emited simultaneously”, pcs3

81



82 Appendix A. Introduction to logics

from table 2.1 can be expressed

¬(CheckP lannerTrajectory ∧ CheckOperatorTrajectory)

and pcs3, “If the Navigation system and the Planner are not ready
then the MoveCommand will not be emitted”, can be expressed

¬(PlannerReady ∧ NavigationSystemReady) ⇒ ¬MoveCommand

Dynamic behavior or properties involving integer values can not
be expressed with propositional logic, for instance pns3 and pns4. Even
though propositional logics has its limits, it is still of great importance
in describing control structure of most applications, for example at
the hardware level of computer design. The connection to hardware
is described in [48] and a more extensive description of propositional
logic can be found in [39].

Predicate logic

Predicate logic (or First-order logic) is an extension of propositional
logics that deals with objects in terms of their attributes or properties
and their relationship with each other. There are three additional log-
ical notions except for the notions adopted from propositional logics
and these are predicates, terms and quantifiers.

Predicates are symbols denoting the meaning of an attribute (prop-
erty) of an object or the meaning of a relationship between ob-
jects [39]. There are both unary, binary and n-ary predicates
which describes one object, or relate two objects or n objects.

Terms are individual variables and constants, or applications of func-
tions to variables of constans.

Quantifiers allow one to quantify over elements of a semantic domain
e.g. ∀x is to be read as ’for all x’ and ∃x as ’there exists an x’.

These attributes makes predicate logics a richer and a more power-
ful language than propositional logic i.e. more expressive. The reason
is that we instead of using propositions as the basic building blocks, us
eatomic formulas are themselves built up from simpler elements such
as terms and predicate symbols.

A simple but good example from [23] that shows the expressive-
ness of predicate logics is:
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∀x(x2 ≥ 0)

which says that “The square of any number is at least 0”. To eval-
uate this sentence, the domain has to be given. The domain is the pos-
sible interpretations for the quantified variables. If the domain in the
example above is the set of integers N, the sentence is true but if the
domain is said to be the set of complex numbers C, the sentence would
be evaluated to false. Theoretically, an infinite domain makes the eval-
uation impossible.

Name Read as Notation
negation not ¬
conjunction and ∧
disjunction or ∨
implication if .. then .. ⇒
equivalence (biconditional) if and only if ⇔
universal quantifier for all ∀
existentiual quantifier there exists ∃

Temporal logic

Since the world around us changes over time it may be useful to take
time into consideration when reasoning about our systems. This is
clearly the case with real-time systems.

One way of reasoning about time is to use temporal logics. In tem-
poral logics, the operators from propositional logics are extended with
the temporal operators henceforth (2 or G), eventually (3 or F), until (U
or U) and next (© or X). Thus, 2p means that p is true now and re-
mains true forever, 3p means that p is true now or will eventually
become true.

A disadvantage of temporal logic is that it cannot express abso-
lute time of the real-time properties but only the relative ordering of
events. Furthermore, temporal logic is good for expressing qualitative
requirements but it is inconvenient to express quantitative require-
ments with respect time. For instance, the requirement that the event a
must be followed by event b within 5 instances can be specified, rather
awkwardly, by the temporal formula

2(a → ©(b ∨©(b ∨©(b ∨©(b ∨©b)))))

There exists a couple of variants of temporal logics where Linear
Temporal Logic (LTL) and Branching temporal logics (BTL) are the main
types. In linear temporal logic, we view the time as a linear sequence
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of events, while in BTL, time is seen as a tree structure that covers all
possible events that may occur in the future.

In temporal logics, one can express the important safety and live-
ness properties but there is still some need for a more expressive lan-
guage. An obvious drawback is that temporal logic does not provide
arithmetic operations. A couple of extensions to temporal and pred-
icate logics has been done. Some are First-Ordered Timed Logics [4]
and Real-Time logics [31].

Computational Tree Logic

Computational Tree Logic (CTL), which is a branching-time temporal
logic, is designed to conveniently express both safety and liveness
properties. CTL extends temporal logic with the operators necessarily
and possibly, written A and E respectively. For a syntactic coherence,
the alphabetic letter notations of temporal logic are used in CTL sen-
tences.

Binary Decision Diagram

A Binary Decision Diagram (BDD) is a data structure that is used for
compact representation of formulas in logic. Binary Decision Dia-
grams are often used in verification tools because of their efficient way
of representing boolean formulas. Given an order relation on proposi-
tional symbols, BDDs are directed acyclic graphs that often provide a
much more concise representation than e.g. conjunctive normal form
or disjunctive normal form. BDDs provide a canonical representation
for boolean formulas which means that two boolean formulas are log-
ically equivalent if and only if they have isomorphic1 representations.
Hence, checking equivalence of two formulas can be done fairly easily
when describing them with BDDs [25].

The leafs indicates if the formula is satisfied or not see Figure A.1.
Research in algorithms to handle BDDs has led to many efficient al-
gorithms, for example many model checkers use BDDs for efficient
representation of logic formulas.

Higher-Order Logics

Propositional logics is a zero-order logic since it does not contain any
functions, only constants. First-order predicate logics allow quantifi-
cation of only individual variables. Predicates relate terms such as
constants, variables etc. Higher-order logics allows quantification over
other elements like predicates or functions and also allow predicates

1they have the same structure
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a

c

b

d

0

0

0

0

1

1

1

1

1

0

Figure A.1: BDD for formula (a ∧ b) ∨ (c ∧ d).

to relate atomic formulas.None of the tools in this thesis uses higher-
order logics. Hence, no further description will be given.
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Finite State Machines

Modeling of the system is the basis for many verification techniques,
which means that the natural languega description of a system must
be mapped to a formal model of the system. Finite state machines are
often used to model real-time systems. Since real-time systems often
are reactive control systems that preserve a history of their status, a
state machine is well-suited for the modeling of such systems.

A state machine has some states Si with an initial state S0. State
transitions occurs when an event ei is received. The event can be an
input or an timeout for instance. The transition goes either into a new
state or loop on the same state. Actions are executed during transi-
tions (Mealy machnies) or in the states (Moore machines).

State
Name

Input / Output Input / Output

Figure B.1: A part of a state transition diagram

Finite state machines can be described using state transition dia-
grams, or STDs which is a graphical representation of the states and
the transitions. A typical state, with transitions to and from the state
including the inputs and outputs associated with the transitions, is
graphically described in Figure B.1.

Two classical models are well known from the finite automata the-
ory, the Mealy and the Moore machine. The Mealy machine associates
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the outputs or actions with the transitions while the Moore machines
define the outputs from the states. A formal description of these ma-
chines can be found in [26] and [3]. These classical state machine mod-
els have served as basis for modelling real-time systems in a variety of
ways. Some to express timing properties, called timed state machines
and some to model requirements e.g. the Requirement State Machine
Language described in [24].



Appendix C

Empty SpecTRM-RL
Elements

When creating an new Intent Specification in SpecTRM, a empty doc-
ument framework is created. It consist of the seven levels in the struc-
ture. Level 3 is the blackbox level that is written in SpecTRM-RL. Here
are the empty elements presented:

Supervisory Mode

New Supervisory Mode
Description:
Comments:
References:
Appears In:

DEFINITION

= ...

Figure C.1: Example of a Supervisory Mode element.
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Control Mode

New Control Mode
Description:
Comment:
References:
Appears In:

DEFINITION

= ...

Figure C.2: Example of a Control Mode element.

Control Input

New Control Input
Source:
Type:
Possible Values (Expected Range):

Units:
Granularity:
Exception-Handling:

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description:
Comments:
References:
Appears In:

DEFINITION

= New Data for ...

... was Received T

= Previous Value of ...

... was Received F
Time Since ... was Last Received <= ... seconds T

= Obsolete

System Start T * *
... was Never Received T T *
Time Since ... was Last Received > ... seconds * * T

Figure C.3: Example of a Control Input element.
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Input Value

New Input Value
Source:
Type:
Possible Values (Expected Range):

Units:
Granularity:
Exception-Handling:

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Maximum Time Before First Input:
Related Outputs:

Latency:
Time After Output:

Exception-Handling:
Obsolescence:

Exception-Handling:
Description:
Comments:
References:
Appears In:

DEFINITION

= New Data for ...

... was Received T

= Previous Value of ...

... was Received F
Time Since ... was Last Received <= ... seconds T

= Obsolete

System Start T * *
... was Never Received T T *
Time Since ... was Last Received > ... seconds * * T

Figure C.4: Example of a Input element.
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Function

New Function
Sample Rate:
Result:

Type:
Possible Values (Expected Range):

Units:
Granularity:
Exception-Handling:

Description:
Comments:

Parameters:
Name:

Type:
Possible Values (Expected Range):

Units:
Granularity:
Exception-Handling:

Description:
Comments:

Description:
Comments:
References:
Appears In:

DEFINITION

Figure C.5: Example of a Function element.
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Output Command

New Output Command
Destination:
Fields:

Name:
Type:
Acceptable Values:

Units:
Granularity:
Hazardous Values:
Exception-Handling:

Description:
Comments:

Timing Behavior:
Initiation Delay:
Completion Deadline:
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information:
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

MESSAGE CONTENTS

Field: Value:

Figure C.6: Example of a Output Command element.
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Display Output

New Display Output
Destination:
Fields:

Name:
Type:
Acceptable Values:

Units:
Granularity:
Hazardous Values:
Exception-Handling:

Description:
Comments:

Update Requirements:
Update Delay:
Update Completion Deadline:
Output Capacity Assumptions:

Update Load:
Min update rate:
Max update rate:

Deletion Requirements (including data age):
Hazardous timing behavior:
Exception-Handling:

Failure Indication:
Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

MESSAGE CONTENTS

Field: Value:

Figure C.7: Example of a Display Output element.
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Macro

New Macro
Description:
Comments:
References:
Appears In:

DEFINITION

Figure C.8: Example of a Macro element.

State Value

New State Value
Obsolescence:

Exception-Handling:
Related Inputs:
Description:
Comments:
References:
Appears In:

DEFINITION

= Unknown

Figure C.9: Example of a State element.



Appendix D

SpecTRM-RL model

Here, the complete SpecTRM-models of the MODB is presented. This
is the model corresponding to Version 2 in Appendix E.2.
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Output Command

NumberOfNavPoints
Destination: Planner
Fields:

Name: Num
Type: Integer
Acceptable Values: [0..100]

Units:
Granularity:
Hazardous Values:
Exception-Handling: Force to 0

Description:
Comments:

Timing Behavior:
Initiation Delay:
Completion Deadline:
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information:
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

NumberOfNavPointsRequest was Received T

MESSAGE CONTENTS

Field: Value:
Num 7



97

Output Command

NavigationPointX
Destination:
Fields:

Name: x
Type: Real
Acceptable Values: [0..1000]

Units: m
Granularity: cm
Hazardous Values:
Exception-Handling: None

Description: The x coordinate for the requested navigation point
Comments:

Timing Behavior:
Initiation Delay:
Completion Deadline:
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information:
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

NavigationPointRequest was Received T

MESSAGE CONTENTS

Field: Value:
x getNavPointX(NavigationPointRequest)
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Output Command

NavigationPointY
Destination: Planner
Fields:

Name: y
Type: Real
Acceptable Values: [0..1000]

Units: m
Granularity: cm
Hazardous Values:
Exception-Handling: None

Description: The x coordinate for the requested navigation point
Comments:

Timing Behavior:
Initiation Delay:
Completion Deadline:
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information:
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

NavigationPointRequest was Received T

MESSAGE CONTENTS

Field: Value:
y getNavPointY(NavigationPointRequest)
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Output Command

OnCirculationPoint
Destination: Planner
Fields:

Name: On
Type: {True, False}
Acceptable Values: Any

Units: N/A
Granularity: N/A
Hazardous Values: N/A
Exception-Handling: None

Description: Sent when a request from the planner was received
Comments:

Timing Behavior:
Initiation Delay:
Completion Deadline:
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information:
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments: Returns false 
References:

TRIGGERING CONDITION

CheckIfCirculationPointX was Received T
CheckIfCirculationPointY was Received T
OnCirculation T

MESSAGE CONTENTS

Field: Value:
On True
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Output Command

DistanceToObstacle
Destination: Navigation System
Fields:

Name: Distance
Type: Real
Acceptable Values: [0..2]

Units: m
Granularity: cm
Hazardous Values: 0
Exception-Handling: Force to 2

Description: If the distance is large than 2, the distance will be set to 2
Comments: No more than 2 m is needed

Timing Behavior:
Initiation Delay: 0 milliseconds
Completion Deadline: 10 milliseconds
Output Capacity Assumptions:

Load:
Minimum Time Between Outputs:
Maximum Time Between Outputs:

Hazardous Timing Behavior:
Exception-Handling:

Feedback Information: None
Variables:
Values:
Relationship:
Minimum Latency:
Maximum Latency:
Exception-Handling:

Reversed By:
Description:
Comments:
References:

TRIGGERING CONDITION

CheckDistanceToObstacle was Received T
Mission in state Running T
Control Mode in mode Operating T

MESSAGE CONTENTS

Field: Value:
Distance CalculateDistance(RobotX, RobotY, TrajectoryV, TrajectoryW)
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Control Input

NumberOfNavPointsRequest
Source: Planner
Type: {True, False}
Possible Values (Expected Range): Any

Units: N/A
Granularity: N/A
Exception-Handling: None

Timing Behavior:
Load: Unknoqn
Minimum Time Between Inputs: 0 milliseconds
Maximum Time Between Inputs: Unknown
Exception-Handling: None

Obsolescence:
Exception-Handling:

Description: A request from Planner for the number of navigatiopn points stored in MODB
Comments:
References:
Appears In:

DEFINITION

= New Data for NumberOfNavPointsRequest

NumberOfNavPointsRequest was Received T

= Previous Value of NumberOfNavPointsRequest

NumberOfNavPointsRequest was Received F
Time Since NumberOfNavPointsRequest was Last Received <= 2 seconds T

= Obsolete

System Start T * *
NumberOfNavPointsRequest was Never Received T T *
Time Since NumberOfNavPointsRequest was Last Received > 2 seconds * * T
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Control Input

NavigationPointRequest
Source: Planner
Type: Integer
Possible Values (Expected Range): [0..100]

Units: None
Granularity: 1
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description: Request from Planner for the coordinates for the specified navigation point.
Comments: Maximum number of navigation points is 100
References:
Appears In:

DEFINITION

= New Data for NavigationPointRequest

NavigationPointRequest was Received T

= Previous Value of NavigationPointRequest

NavigationPointRequest was Received F
Time Since NavigationPointRequest was Last Received <= 1 seconds T

= Obsolete

System Start T * *
NavigationPointRequest was Never Received T T *
Time Since NavigationPointRequest was Last Received > 1 seconds * * T
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Control Input

CheckIfCirculationPointX
Source: Planner
Type: Real
Possible Values (Expected Range): Any

Units:
Granularity:
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description: Request from Planner. MODB shall check if the X and Y coordinates are close 
enough to a circulation point.

Comments:
References:
Appears In:

DEFINITION

= New Data for CheckIfCirculationPointX

CheckIfCirculationPointX was Received T

= Previous Value of CheckIfCirculationPointX

CheckIfCirculationPointX was Received F
Time Since CheckIfCirculationPointX was Last Received <= 50 milliseconds T

= Obsolete

System Start T * *
CheckIfCirculationPointX was Never Received T T *
Time Since CheckIfCirculationPointX was Last Received > 50 milliseconds * * T
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Control Input

CheckIfCirculationPointY
Source: Planner
Type: Real
Possible Values (Expected Range): Any

Units:
Granularity:
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description: Request from Planner. MODB shall check if the X and Y coordinates are close 
enough to a circulation point.

Comments:
References:
Appears In:

DEFINITION

= New Data for CheckIfCirculationPointY

CheckIfCirculationPointY was Received T

= Previous Value of CheckIfCirculationPointY

CheckIfCirculationPointY was Received F
Time Since CheckIfCirculationPointY was Last Received <= 50 milliseconds T

= Obsolete

System Start T * *
CheckIfCirculationPointY was Never Received T T *
Time Since CheckIfCirculationPointY was Last Received > 50 milliseconds * * T
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Control Input

Operating
Source: Control System
Type: {True, False}
Possible Values (Expected Range): Any

Units: N/A
Granularity: N/A
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description: Sent from the CS when the robot has started moving. Used because the MODB 
needs to know when the obstacles shall start moving.

Comments:
References:
Appears In:

DEFINITION

= New Data for Operating

Operating was Received T

= Previous Value of Operating

Operating was Received F
Time Since Operating was Last Received <= 10 seconds T

= Obsolete

System Start T * *
Operating was Never Received T T *
Time Since Operating was Last Received > 10 seconds * * T
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Input Value

RobotX
Source: Navigation system
Type: Real
Possible Values (Expected Range): [0..1000]

Units: m
Granularity: cm
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs: 50 milliseconds
Maximum Time Between Inputs: Unknown
Maximum Time Before First Input: Unknown
Related Outputs: OnCirculationPoint, DistanceToObstacle

Latency:
Time After Output:

Exception-Handling:
Obsolescence:

Exception-Handling:
Description: The robots x-coordinate
Comments:
References:
Appears In:

DEFINITION

= New Data for RobotX

RobotX was Received T

= Previous Value of RobotX

RobotX was Received F
Time Since RobotX was Last Received <= 1 seconds T

= Obsolete

System Start T * *
RobotX was Never Received T T *
Time Since RobotX was Last Received > 1 seconds * * T
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Input Value

RobotY
Source: Navigation system
Type: Real
Possible Values (Expected Range): [0..1000]

Units: m
Granularity: cm
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs: 50 milliseconds
Maximum Time Between Inputs: Unknown
Maximum Time Before First Input: Unknown
Related Outputs: OnCirculationPoint, DistanceToObstacle

Latency:
Time After Output:

Exception-Handling:
Obsolescence:

Exception-Handling:
Description: The robots y-coordinate
Comments:
References:
Appears In:

DEFINITION

= New Data for RobotY

RobotY was Received T

= Previous Value of RobotY

RobotY was Received F
Time Since RobotY was Last Received <= 1 seconds T

= Obsolete

System Start T * *
RobotY was Never Received T T *
Time Since RobotY was Last Received > 1 seconds * * T
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Input Value

TrajectoryV
Source: Navigation system
Type: Real
Possible Values (Expected Range): [0..1000]

Units: m/s
Granularity: cm/s
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs: 50 milliseconds
Maximum Time Between Inputs: Unknown
Maximum Time Before First Input: Unknown
Related Outputs: OnCirculationPoint, DistanceToObstacle

Latency:
Time After Output:

Exception-Handling:
Obsolescence:

Exception-Handling:
Description: The velocity of the trajectory that the navigation system will calculate the 

distance.
Comments:
References:
Appears In:

DEFINITION

= New Data for TrajectoryV

TrajectoryV was Received T

= Previous Value of TrajectoryV

TrajectoryV was Received F
Time Since TrajectoryV was Last Received <= 1 seconds T

= Obsolete

System Start T * *
TrajectoryV was Never Received T T *
Time Since TrajectoryV was Last Received > 1 seconds * * T
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Input Value

TrajectoryW
Source: Navigation system
Type: Real
Possible Values (Expected Range): [0..1000]

Units: rad/s
Granularity:
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs: 50 milliseconds
Maximum Time Between Inputs: Unknown
Maximum Time Before First Input: Unknown
Related Outputs: OnCirculationPoint, DistanceToObstacle

Latency:
Time After Output:

Exception-Handling:
Obsolescence:

Exception-Handling:
Description: The velocity of the trajectory that the navigation system will calculate the 

distance.
Comments:
References:
Appears In:

DEFINITION

= New Data for TrajectoryW

TrajectoryW was Received T

= Previous Value of TrajectoryW

TrajectoryW was Received F
Time Since TrajectoryW was Last Received <= 1 seconds T

= Obsolete

System Start T * *
TrajectoryW was Never Received T T *
Time Since TrajectoryW was Last Received > 1 seconds * * T
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Control Input

CheckDistanceToObstacle
Source:
Type: {True}
Possible Values (Expected Range): Any

Units: N/A
Granularity: N/A
Exception-Handling: None

Timing Behavior:
Load:
Minimum Time Between Inputs:
Maximum Time Between Inputs:
Exception-Handling:

Obsolescence:
Exception-Handling:

Description: Sent together with the robot position and trajectory
Comments:
References:
Appears In:

DEFINITION

= New Data for CheckDistanceToObstacle

CheckDistanceToObstacle was Received T

= Previous Value of CheckDistanceToObstacle

CheckDistanceToObstacle was Received F
Time Since CheckDistanceToObstacle was Last Received <= 2 seconds T

= Obsolete

System Start T * *
CheckDistanceToObstacle was Never Received T T *
Time Since CheckDistanceToObstacle was Last Received > 1 seconds * * T
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Function

getNavPointX
Result:

Type: Real
Possible Values (Expected Range): [0..1000]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Parameters:
Name: Nr

Type: Integer
Possible Values (Expected Range): [0..200]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Description:
Comments:
References:
Appears In:

DEFINITION
Integer[7] pointsX:= [1, 3, 5, 7, 9, 11, 13];

Return pointsX[Nr];
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Function

getNavPointY
Result:

Type: Real
Possible Values (Expected Range): [0..1000]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Parameters:
Name: Nr

Type: Integer
Possible Values (Expected Range): [0..200]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Description:
Comments:
References:
Appears In:

DEFINITION
Integer[7] pointsY:=[2, 4, 6, 8, 10, 12, 14];

Return pointsY[Nr];
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Function

Check
Result:

Type: Integer
Possible Values (Expected Range): Any

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Parameters: None
Description: Should Check if the position is on a circulation point
Comments: Cannot implement the algorithm with SpecTRM-RL functional language.
References:
Appears In:

DEFINITION

Return 0;
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Function

CalculateDistance
Result:

Type: Real
Possible Values (Expected Range): Any

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Parameters:
Name: x

Type: Real
Possible Values (Expected Range): [0..1000]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Name: y
Type: Real
Possible Values (Expected Range): [0..1000]

Units:
Granularity:
Exception-Handling: None

Description:
Comments:

Name: v
Type: Real
Possible Values (Expected Range): [0..2]

Units: m/s
Granularity:
Exception-Handling: None

Description:
Comments:

Name: w
Type: Real
Possible Values (Expected Range): [-9..9]

Units: rad/s
Granularity:
Exception-Handling: None

Description:
Comments:
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Description: Recieves a position (x,y) and a trajectory (v,x). The function shall calculate the 
distance from the position to the closest object following the trajectory (v,w).

Comments: Cannot be implemented in SpecTRM-RL.
References:
Appears In:

DEFINITION
Return 1;
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Macro

OnCirculation
Description:
Comments: True when the robot is close to an circulation point. The function check returns 1 if 

it is on a circulation point (it is not implemented in SpecTRM-RL i.e. returns always 
0 at  the moment)

References:
Appears In:

DEFINITION

Check() = 1 T
CheckIfCirculationPointX was Received T
CheckIfCirculationPointY was Received T
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State Value

Mission
Obsolescence:

Exception-Handling: None
Related Inputs: Operating
Description: Describes the state of the mission; Running or Aborted
Comments:
References:
Appears In:

DEFINITION

= Unknown

System Start T

= Running

Operating was Received T
Operating is True T

= Aborted

Operating was Received T
Operating is False T
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Control Mode

Control Mode
Description:
Comment:
References:
Appears In:

DEFINITION

= Startup

System Start T

= Init

System Start F F
Mission in state Unknown T *
Mission in state Aborted * T

= Operating

Mission in state Running T
System Start F
Operating is Received T
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Esterel code

This is the corresponding Esterel code of the MODB.

E.1 MODB Version 1

module MODB:

%INPUTS
%From Planner
input NumberOfNavPointsRequest;
input NavigationPointRequest : integer;
input CheckIfCirculationPoint;
input CheckPositionX: double;
input CheckPositionY: double;

%From Navigation System
input CheckDistanceToObstacle;

input TrajectoryV : double;
input TrajectoryW : double;
input RobotX : double;
input RobotY : double;
input RobotW : double;
input RobotV : double;
input RobotAngle : double;

%OUTPUTS
%To Planner
output OnCirculationPoint: integer;
output NavigationPointX: double;
output NavigationPointY: double;
output NumberOfNavPoints: integer;

%To NSS
output DistanceToObstacle:double;
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constant NUMBER_OF_NAVIGATION_POINTS : integer;

function checkIfCirculationPoint(double, double) : integer;
function getNavPointX(integer):double;
function getNavPointY(integer):double;
function getDistance(double, double, double,

double, double):double;

signal OperatingMode in
signal StartupMode in

[

%state operating ===========
loop
await CheckIfCirculationPoint;
emit OnCirculationPoint(

checkIfCirculationPoint(?RobotX,
?RobotY))

end loop

||

loop
await CheckDistanceToObstacle;
emit DistanceToObstacle(
getDistance(?RobotX, ?RobotY,

?RobotAngle, ?TrajectoryV,
?TrajectoryW))

end loop

%||
% state Startup=============

% Data storage not implemented

||

loop
await NumberOfNavPointsRequest;
await tick;
emit NumberOfNavPoints(

NUMBER_OF_NAVIGATION_POINTS)
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end loop

||

loop

await NavigationPointRequest;
await tick;
emit NavigationPointX(getNavPointX(

?NavigationPointRequest));
emit NavigationPointY(getNavPointY(

?NavigationPointRequest))
end loop

]
end signal
end signal

end module

E.2 MODB Version 2

module MODB:

%INPUTS
%From Planner
input NumberOfNavPointsRequest;
input NavigationPointRequest : integer;
input CheckIfCirculationPoint;
input CheckPositionX: double;
input CheckPositionY: double;

%From Navigation System
input CheckDistanceToObstacle;

input Operating;
input TrajectoryV : double;
input TrajectoryW : double;
input RobotX : double;
input RobotY : double;
input RobotW : double;
input RobotV : double;
input RobotAngle : double;

%OUTPUTS
%To Planner
output OnCirculationPoint: integer;
output NavigationPointX: double;
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output NavigationPointY: double;
output NumberOfNavPoints: integer;

%To NSS
output DistanceToObstacle:double;

constant NUMBER_OF_NAVIGATION_POINTS : integer;

function checkIfCirculationPoint(double, double) : integer;
function getNavPointX(integer):double;
function getNavPointY(integer):double;
function moveObstacle1X():double;
function moveObstacle1Y():double;
function moveObstacle2X():double;
function moveObstacle2Y():double;
function getDistance(double, double, double,

double, double):double;

var obstacle1X := 0.0 : double,
obstacle1Y := 10.0 : double,
obstacle2X := 10.0 : double,
obstacle2Y := 10.0 : double

in

signal OperatingMode in
signal StartupMode in

[
loop

present OperatingMode then
loop

%state operating ===========
loop
await CheckIfCirculationPoint;
emit OnCirculationPoint(

checkIfCirculationPoint(?RobotX,
?RobotY))

end loop

||

loop

%% Keep track of Obstacles
obstacle1X := moveObstacle1X();
obstacle1Y := moveObstacle1Y();
obstacle2X := moveObstacle2X();
obstacle2Y := moveObstacle2Y();

each tick;
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||
loop

await CheckDistanceToObstacle;

emit DistanceToObstacle(getDistance(
?RobotX, ?RobotY, ?RobotAngle,
?TrajectoryV, ?TrajectoryW))

end loop

end loop
else

% state Startup=============
% The operator shall store data

% state init ===============
await Operating;
emit OperatingMode;

end present;

end loop

||

loop
await NumberOfNavPointsRequest;
await tick;
emit NumberOfNavPoints(

NUMBER_OF_NAVIGATION_POINTS)

end loop

||

loop

await NavigationPointRequest;
await tick;
emit NavigationPointX(getNavPointX(

?NavigationPointRequest));
emit NavigationPointY(getNavPointY(

?NavigationPointRequest))
end loop

]
end signal
end signal
end var

end module
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hovsrätten vid en senare tidpunkt kan inte upphäva detta tillstånd.
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Press se förlagets hemsida: http://www.ep.liu.se/

English

The publishers will keep this document online on the Internet - or its
possible replacement - for a considerable time from the date of pub-
lication barring exceptional circumstances. The online availability of
the document implies a permanent permission for anyone to read, to
download, to print out single copies for your own use and to use it un-
changed for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All
other uses of the document are conditional on the consent of the copy-
right owner. The publisher has taken technical and administrative
measures to assure authenticity, security and accessibility. According
to intellectual property law the author has the right to be mentioned
when his/her work is accessed as described above and to be protected
against infringement. For additional information about the Linköping
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