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Abstract
Over the past decades, human dependability on technical devices has rapidly increased. Many activities of such devices can be described by sequences of events,
where the occurrence of an event causes the system to go from one state to another. This is elegantly modelled by state machines. Systems that are modelled
in this way are referred to as discrete event systems. Usually, these systems are
highly complex, and appear in settings that are safety critical, where small failures may result in huge financial and/or human losses. Having a control function
is one way to guarantee system correctness.
The work presented in this thesis concerns verification and synthesis of such
systems using the supervisory control theory proposed by Ramadge and Wonham
[1]. Supervisory control theory provides a general framework to automatically
calculate control functions for discrete event systems. Given a model of the
system, the plant to be controlled, and a specification of the desired behaviour,
it is possible to automatically compute, i.e. synthesise, a supervisor that ensures
that the specification is satisfied.
Usually, systems are modular and consist of several components interacting
with each other. Calculating a supervisor for such a system in the straightforward
way involves constructing the complete model of the considered system, which
may lead to the inherent complexity problem known as the state-space explosion
problem. This problem occurs as the number of states grows exponentially with
the number of components, which makes it intractable to examine the global
states of a system due to lack of memory and time.
One way to alleviate the state-space explosion problem is to use a compositional approach. A compositional approach exploits the modular structure of a
system to reduce the size of the model. This thesis mainly focuses on developing abstraction methods for the compositional approach in a way that the final
verification and synthesis results are the same as it would have been for the nonabstracted system. The algorithms have been implemented in the discrete event
system software tool Supremica and have been applied to verify and compute
memory efficient supervisors for several large industrial models.
Keywords: Finite-state machines, Extended finite-state machines, Verification,
Synthesis, Abstraction, Compositional approach, Supervisory control theory.
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Part I
Introductory chapters

Chapter 1
Introduction
The modern human being is a hybrid of a traditional homo-sapiens with fancy
electronic gadgets. We use electronic devices everyday, and it seems we are
never more than a meter away from our cellphones. These devices are designed
to help us live our lives easier, and one of our most important requirement on
them is consistency. We expect the devices to work in a certain way when we
provide them with a certain input. In engineering terms, everything between the
input that we provide and the output we see is broadly termed a system. A coffee
machine, a printer and industrial robots are some examples of systems.
When dealing with different systems, many questions about the properties of
the systems arise. For example, in the case of a mobile phone one may wonder:
what will happen if I push a specific button? For a nuclear plant a question could
be: what will happen if a nuclear reactor core becomes too hot? Experimentation is one way to answer these kind of questions. In many cases, experiments
are very expensive or could even be dangerous. An alternative to answer such
questions is to model the system behaviour.
Modelling is done from different perspectives. In some cases, using physical
knowledge, mathematical equations that describe the output of a system given an
input is derived. Newton’s law, gravity laws and differential equations are some
tools used in this context. In other cases, a system can be viewed as event-driven,
for example, when a coffee machine goes out of coffee beans, the event, it goes
from a working state to an idle state. The behaviour of such a system can then
be described by sequences of events, where the occurrence of an event causes
the system to go from one state to another. Such system models are referred to
as discrete event systems and are the main focus of this thesis. In order to model
a discrete event system, intuitive formalisms such as finite-state machines and
extended finite-state machines can be used.
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1.1 Problem Statement
Imagine a coffee machine that fills your glass with tea even though you asked
for coffee. In this case you may just accept the tea, get back to work and be
in a bad mood all day. However, many applications of discrete event systems
take place in settings that are safety critical and small failures may result in huge
financial and/or human losses. Moreover, as discrete event systems are usually
complex, their development is error-prone. Thus we need to verify that a system
is error-free or if there are errors, remove them before using the system.
In this thesis formal verification is used to approve or disprove the correctness of a system. In formal verification, the first step is to identify a desired
property. Then, a model of the system is built and finally it is shown mathematically whether the property of interest is fulfilled or not. Thus, the final result
after verification is either “yes” or “no”.
In the case that the verification result is not satisfactory, the next step is to
design a control function to guarantee system correctness.
In 1989, Ramadge and Wonham [1] proposed a framework to calculate a controlling agent, called a supervisor, for discrete event systems. This framework
is called the supervisory control theory. Given a model of a system to be controlled, the plant, and the desired behaviour, the specification, the supervisory
control theory proposes methods to design a supervisor in such a way that the
closed-loop system of plant and supervisor always acts according to the specification.
For simple systems consisting of a small number of states, verification or
supervisor calculation can be done straightforwardly. However, this is not viable
for complex systems consisting of several interacting subsystems. Such systems
are referred to as modular systems. Using the straightforward approach to verify
or calculate a supervisor for these systems, involves explicitly representing the
entire system by a single model which may consist of millions of states. This
inherent complexity problem is known as the state-space explosion problem. A
brute force approach to verify and calculate a supervisor is to go through all
states and verify the property of interest for each particular state and remove
undesirable states. However, the state-space explosion makes it intractable to
analyse all states of a system due to lack of memory and time.
The state-space explosion problem typically occurs when one tries to model
a modular system by a single representation. However, it is possible to use the
knowledge of modularity of the system to our advantage. One way to exploit
the modularity of systems is to use a compositional approach. To avoid the
state-space explosion problem, a compositional approach tries to build a single
representation of a system in an iterative way. The general approach is as follows.
First the subsystems are simplified in such a way that the property of interest is

2
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preserved. When no further simplification (also called abstraction) is possible,
the subsystems are combined together one by one and simplified again in each
iteration.This process is repeated until it results in one final relatively simple
model. This simple model is finally used for verification or synthesis.

1.2 Main Contributions
The main focus of this thesis is to use the compositional approach for verification
and supervisor calculation. Questions that immediately arise are:
• What considerations need to be taken into account when the compositional
approach is used for different modelling formalism?
• What considerations need to be taken into account when the compositional
approach is used for verification and for synthesis?
• Is it possible to find methods in order to efficiently simplify subsystems?
• In the case that the compositional approach is used for supervisor calculation, does the supervisor have a modular structure and is it memory
efficient?
Attempting to answer these questions results in the following contributions
of this thesis:
• The compositional approach is well-developed for verification of systems
modelled as finite-state machines [2]. This framework is extended to consider systems that are modelled as extended finite-state machines. It is
shown how the abstraction methods defined for finite-state machines can
be applied on extended finite-state machines (Paper 1).
• When using the compositional approach for supervisor calculation or verification, the property of interest is different and thus needs to be defined
first before using the compositional approach. Conflict equivalence [2] is
used as the property to be preserved when the task is to verify whether the
system is able to finish some sub-tasks and it is used in Paper 1. When it
comes to supervisor calculation, the closed-loop behaviour is the property
to be preserved after simplification. For this purpose synthesis equivalence
is introduced in this thesis (Paper 2 and 3).
• The main focus of this thesis is to develop abstraction methods in the compositional approach such that the property of interest is preserved. It is
shown how any abstraction method defined for finite-state machines can

3
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be applied on extended-finite state machines (Paper 1). Different abstraction methods for compositional synthesis are presented, which are mostly
based on a well known abstraction method called observation equivalence.
It is shown how observation equivalence can be strengthened to be applicable in the compositional synthesis framework (Paper 2 and 3).
• The algorithms proposed in this work have been implemented in the discrete event system software tool Supremica and have been applied to compute supervisors for several benchmark examples. The experimental results show that the method efficiently computes modular supervisor for a
set of very large industrial models (Paper 2 and 3). The supervisor can also
be represented in a compact form and can be stored efficiently (Paper 3).

1.3 Outline
The first two chapters, Chapter 2 and Chapter 3, give the preliminaries and background of the supervisory control theory. In Chapter 4, the compositional verification and synthesis proposed in this work is described. The summary of appended paper is provided in Chapter 5. Finally some concluding remarks and
future work are given in chapters 6 and 7.
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Chapter 2
Preliminaries
The behaviour of many technical devices and systems in common use can be
described by sequences of events, for example a robot arm picking up a workpiece. This includes automated manufacturing systems, traffic control systems,
etc. The behaviour of these systems can be modelled as discrete event systems
(DES). A DES is a dynamic system with events and states as its basic elements.
Events represent incidents that cause transitions from one state to another, and
states describe the current system status after the occurrence of an event.

2.1 Modelling Formalism
A prerequisite to formally analyse discrete event systems is developing suitable models that can accurately represent the activities of the system. Different
modelling formalisms have been used in the literature, for instance, state machines [3], Petri nets [4], process algebra [5] and formal languages [1, 6].
In this thesis, finite-state machines are used to represent the behaviour of
discrete event systems as these are intuitive and have structure that allows useful
manipulations. For example, abstraction may cause nondeterministic behaviour,
and state machines describe nondeterministic behaviour straightforwardly.

2.1.1 Finite-State Machines
Finite-state machines (FSM), referred to as finite-state automata in Paper 2 and
3, are devices that represent the behaviour of discrete event systems. An FSM
can be considered as a directed graph. A state represents the current status of a
system under which certain conditions hold, such as the position of a robot arm.
The state set of a system contains all possible situations that the system may
encounter. Events represent incidents that cause transitions from one state to
another. For a discrete event system, a finite alphabet Σ is defined, the elements
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of which are all the possible events in the system. A sequence of events forms a
string, and Σ∗ is the set of all finite strings of events from Σ. Transitions of FSMs
σ
are written as x → y, where x is the source state, and y is the target state reached
after the occurrence of the event σ . Two more ingredients are necessary to define
an FSM: initial states and marked states. The system starts in one of the initial
states. Marked states are desired states with a special meaning attached to them
like completion of a task. In the figures, initial states are identified by an arrow
pointing into them, and the marked states are shaded grey.
Usually, systems have a unique initial state, and each occurrence of an event
in a given state x causes a transition to only one state y, and all the transitions
are labelled by events from the alphabet of the system. Under these conditions,
the system is said to be deterministic, as the state of the system can be uniquely
determined from the sequence of events that have occurred. However the main
focus of this thesis is abstraction, which may cause nondeterminism. Moreover,
events that represent internal behaviour of a component in a system are removed
from the alphabet and the transitions labelled by those events are labelled by the
silent event τ . This event is not part of the alphabet of the system, but its use is
explicitly mentioned by the notation Στ = Σ ∪ {τ }. The act of transforming an
event into the silent event is referred to as hiding [7] and introduces nondeterminism. The formal definition of hiding can be found in Def. 3 of Paper 3.
Now we can state a formal definition for a finite-state machine.
Definition 1 A finite-state machine (FSM) is a tuple G = hΣ, Q, →, Q◦ , Qω i,
where
• Σ is the alphabet, a finite set of events,
• Q is the finite set of states,
• → ⊆ Q × Στ × Q is the state transition relation,
• Q◦ ⊆ Q is the set of initial states,
• Qω ⊆ Q is the set of marked states.
An FSM G is deterministic if |Q◦ | ≤ 1, meaning it has at most one initial state,
σ
σ
x → y1 and x → y2 always implies y1 = y2 , meaning that occurrence of an event
σ
in a source state leads the system to a unique target state, and x → y implies
σ 6= τ , meaning transitions are only labelled by events from the alphabet. In this
σ
σ
thesis, Q◦ → y means there exists x◦ ∈ Q◦ such that x◦ → y and x → y means
σ
s
s
there exists σ ∈ Σ such that x → y. Moreover, x → means that x → y for some
y ∈ Q.
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Figure 2.1: Manufacturing system overview.
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Figure 2.2: FSM models of manufacturing system.
Normally a system is modelled as a set of FSMs where each FSM represents
the behaviour of an individual component of the system. This makes the modelling task easier as it is more intuitive to describe each component behaviour
rather than the entire system at once.
Example 1 Consider the simple manufacturing system shown in Fig. 2.1. The
system consists of two machines M1 and M2 , which are linked by a buffer B that
can store one workpiece. The first machine M1 takes workpieces from outside the
system (event s1 ), processes them, and puts them into B (event f1 ). Machine M2
takes workpieces from B (event s2 ), processes them and outputs them from the
system (event f2 ). Fig. 2.2 shows FSMs modelling the system.

2.1.2 Extended Finite-State Machines
Finite-state machines describe the behaviour of a system using states and events.
For systems with data dependency, it is natural to extend finite-state machines
with variables and updates. This results in extended finite-state machines (EFSM),
also referred to as extended finite-state automata [8].
EFSMs are similar to conventional finite-state machines, but the transitions
are not only labelled by events, but also by updates [8–12]. Updates are predicates and can be evaluated to T or F. They are constructed from variables, integer
constants, the Boolean literals true and false, and the usual arithmetic and logic
connectives. Similar to FSMs, a system changes its state on the occurrence of an
event, but the transition in an EFSM is enabled only if the corresponding update
σ :p
evaluates to T. The transitions of an EFSM are represented as x −−→ y, where x is
the source location, and y is the target location after the occurrence of the event
σ , and p represents the update associated to the transition. Once a transition
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occurs, the system moves from the source location to the target location, and the
variables in the update of the transition may change their value, while the rest of
the variables remain unchanged. Thus, the states of an EFSM are combinations
of locations of the EFSM and the variable values.
As mentioned, updates are constructed from variables. Each variable has a
discrete domain, dom(v), that represents the possible values of the variable. For
example, if a buffer with capacity 3 is represented as a variable b in the system then the domain of b is {0, 1, 2, 3}, where each value represents the number
of workpieces in the buffer. A variable also has an initial value, v◦ ∈ dom(v).
For example, if the buffer is initially empty then b◦ = 0. As mentioned, when
a transition occurs, the values of the variables in the corresponding update may
change while the variables not in the update remain unchanged. To distinguish
the changing variables, a second set of variables called next-state variables, denoted by V ′ , is used, which have the same domain as the variables in V . For
example, again assume we have a buffer with capacity 3 represented by the variable b, a transition with update b′ = b + 1 adds a workpiece to the buffer, if the
number of workpieces in the buffer is currently less than 3. Otherwise, if b = 3,
then the buffer is full and the transition is disabled since no more workpieces can
be added. In the model this is detected since the value of b′ would become equal
to 4, which is outside of the domain of b. An update like b = 3 simply checks
if the number of workpieces in the buffer is 3 and enables the transition only if
this is true. In this case the value of b in the target location remains unchanged
as no workpiece is added to the buffer. Differently, an update like b′ = 3 always
enables its transition, and the value of b in the target location is forced to be 3.
In the figures of this thesis, for simplicity updates only constructed from true
are not shown on transitions of EFSMs.
Definition 2 An extended finite-state machine (EFSM) is a tuple E = hΣ, Q, →,
Q◦ , Qω i, where Σ is a set of events, Q is a finite set of locations, → ⊆ Q × Σ ×
ΠV × Q is the conditional transition relation and p ∈ ΠV , where ΠV contains all
possible updates over the variable set V , Q◦ ⊆ Q is the set of initial locations,
and Qω ⊆ Q is the set of marked locations.
In this thesis, the term state machine is used to refer to both finite-state machine and extended finite-state machine.
EFSMs usually simplify the modelling task. However, to analyse EFSM systems the straightforward way would be to convert the EFSM to an FSM by evaluating all the updates to find the variable values in each location of the EFSM.
The states of the resultant FSM are then combinations of the locations of the
EFSM and the variable values. This is referred to as unfolding variables. The
complete process of transforming an EFSM to FSM is called flattening, and the
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Figure 2.3: EFSM models of the manufacturing system.
resultant FSM is referred to as the flattened FSM. At the beginning of the flattening process, the value of each variable is equal to its initial value. Thus, the
initial locations x◦ are combined with the initial values of the variables, denoted
as v̂◦ , to create the initial states of the form (x◦ , v̂◦ ). Next, based on the updates
of the transitions going out of the initial locations, the values of some of the variσ :p
ables change at the next locations, and so on. Thus, for each transition x −−→ y
σ
in the EFSM model there exist transitions (x, v̂) → (y, ŵ) in the flattened FSM
model whenever p evaluates to T for the values v̂ and ŵ. The formal definition
of flattening can be found in Def. 10 of Paper 1.
Example 2 Consider again the manufacturing system shown in Fig. 2.1. The
EFSM model of the system consists of M1 and M2 as shown in Fig. 2.3. It uses
a variable b with domain {0, 1} to represent the number of workpieces in the
buffer. The update b′ = b + 1 represents an addition of a workpiece to the buffer
when the event f1 is executed. As the domain of b is {0, 1}, event f1 can only
be executed if the current value of b is zero, or in other words when there is no
workpiece in the buffer. If the buffer is full, then b = 1 and b′ = 1 + 1 = 2, which
cannot happen as 2 is not in the domain of b. Thus, if the buffer is full, M1 cannot
add another workpiece to the buffer.

2.2 Interaction
As mentioned before, discrete event systems are usually modular, in that they
are modelled as a set of interacting subsystems. The reason is that typically systems are complex and modelling them by only one state machine is impractical.
However, it is possible to combine the state machine components of a system
into a single state machine. This process is referred to as synchronous composition [13].
When a system is modelled as a set of interacting state machines, a transition
in the synchronous composition occurs only if it is possible in all the components
sharing the event labelling the transition, otherwise the transition is disabled. Af-
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Figure 2.4: Synchronous composition of FSM model of the manufacturing system.
ter an occurrence of a shared event, the states (locations) of all the state machines
with that event in their alphabet are updated concurrently. If an event only appears in one component then this event is called a local event and it is always
executed independently. Transitions of EFSMs are in addition to events also labelled by updates. Thus, updates need to be considered during synchronisation.
The updates of the shared events are combined by conjunction while the updates
of local events remain unchanged. Using these principles it is possible to build
a single state machine that represents the behaviour of a set of interacting state
machines. The formal definition of synchronisation of FSMs is given in Def. 2
in Paper 2 and 3, and of EFSMs in Def. 9 of Paper 1.
After the synchronisation of G1 and G2 , in the worst case the number of the
states (locations) of the synchronisation result of G1 and G2 is |Q1 | × |Q2|. Thus,
the state-space of systems consisting of many interacting components may easily
become unmanageable. This problem is commonly referred to as the state-space
explosion problem.
Example 3 Fig. 2.2 shows the model of the small manufacturing system of Example 1. Initially the machines and the buffer are in their respective I and E
states. Thus, the initial state of the synchronous composition is (I1, E, I2 ). In
this state, only the local event s1 is possible. Note that f2 and s2 are enabled in
states E and I2 respectively. However, they are not enabled in (I1 , E, I2) as they
are restricted by the other components. After the occurrence of event s1 , the first
machine moves to the W1 state and the buffer and the second machine remain in
their respective E and I2 states. The entire synchronous composition is shown
in Fig. 2.4. Fig. 2.5 shows the synchronous composition of the EFSM model.
The updates in the synchronisation result are the same as in M1 and M2 because

10

2.3. E VENT-BASED M ARKING

f 1 : b′ = b + 1

M1 k M2
I1 , I2
s 2 : b′ = b − 1

W 1 , I2

s1
f2

f2

s 2 : b′ = b − 1

s1
I1 , W 2

W1 , W2
f1

: b′

= b+1

Figure 2.5: Synchronous composition of the EFSM model of the manufacturing
system.
these two EFSMs do not share any events. Flattening the synchronised EFSM
M1 k M2 results in an FSM isomorphic to FSM M1 k B k M2 shown in Fig. 2.4.

2.3 Event-Based Marking
Marking is used to represent states of a system that have a special meaning attached to them, like completion of a task. The standard way to represent the
marking in a system is by labelling some states (locations) as marked [1, 6].
This thesis is mainly focused on equivalence relations to abstract state machines.
For this purpose, in Paper 2 and 3 marking of states of FSMs is transformed to
an event-based representation, otherwise marking needs special consideration in
most of the definitions in these papers. For this, a termination event ω is introduced. This event, similarly to the silent event, is not included in the alphabet of
the system, but its use is explicitly mentioned by the notation Σω = Σ ∪ {ω }.
Consider an FSM with Qω as the set of marked states and the alphabet Σ. To
transform this to event-based marking, the first step is to add to the set of states
a termination state ⊥ ∈ Q \ Qω . This state has no outgoing transitions and is
not originally in Q. After adding the termination state, the transition relation is
extended to → ⊆ Q × Σω × Q by adding transitions
ω

qω → ⊥ for each qω ∈ Qω

(2.1)

In synchronous composition, ω is considered as an ordinary event. Thus, for
ω
ω
ω
a composed state (x1 , x2 ), it holds that (x1 , x2 ) → ⊥ only if x1 → ⊥ and x2 → ⊥.
For simplicity in the figures, marked states are shown instead of the ω and ⊥.
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2.4 Equivalence Relations
One way to alleviate the state-space explosion problem is to abstract the components of the system by merging some states or removing some transitions. To
merge states it is important that the states are equivalent based on some criteria
that preserves the property of interest. An equivalence relation is a binary relation that partitions a set into disjoint subsets. Thus, an equivalence relation can
be used to partition a state set Q into the set of its equivalence classes. States
that belong to the same equivalence class can be merged and consequently an
FSM with less states can be obtained, which is referred to as the quotient FSM.
The quotient FSM is an abstracted FSM. After merging states, the new state has
the union of incoming and outgoing transitions of the merged states. The formal
definition of quotient state machine is given in Paper 2 and 3 in Defs. 4 and 5,
respectively.
Note that, in Paper 1, an EFSM is first transformed to an FSM before applying state merging abstraction.Thus, in the following the definitions are given for
FSMs.
Two fundamental equivalence relations that play an important role in this
thesis are bisimulation equivalence and observation equivalence.
Bisimulation requires two equivalent states to have the same future behaviour.
Thus, the formal definition of bisimulation [14] is based on relation on states.
Definition 3 [14] Let G = hΣ, Q, →, Q◦ , Qω i be an FSM. An equivalence relation ≈ ⊆ Q × Q is called a bisimulation on G, if the following holds for all
σ
x1 , x2 ∈ Q such that x1 ≈ x2 : if x1 → y1 for some σ ∈ (Σω ∪ Στ ), then there exists
σ
y2 ∈ Q such that x2 → y2 and y1 ≈ y2 .
Bisimulation considers states to be equivalent if they have the outgoing transitions with the same events including the silent and marking events to equivalent
states. Bisimulation can be computed by an efficient partition refinement algorithm [15]. This algorithm represents an equivalence relation as a partition, i.e.,
a set of equivalence classes each representing a set of equivalent states. The algorithm starts with an initial partition consisting of only one equivalence class
contains all the states of an FSM, which is iteratively refined until a stable partitioning is reached. At each step, those states in equivalence classes that do not
transit to the same equivalence classes on the same event are separated into other
equivalence classes. This efficient algorithm gives the minimal FSM G̃, which is
bisimilar to the original FSM G.
It is possible to relax bisimulation by ignoring the silent events. Then we
can consider two states equivalent if from both of them equivalent states can be
reached by the same sequences of events aside from silent events. This results
in weak bisimulation, also known as observation equivalence. In order to ignore
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the silent events, natural projection P : Σ∗τ → Σ∗ is used which removes silent
events τ from every string s.
Definition 4 [14] Let G = hΣ, Q, →, Q◦ , Qω i be an FSM. An equivalence relation ∼ ⊆ Q × Q is called an observation equivalence on G, if the following holds
s1
for all x1 , x2 ∈ Q such that x1 ∼ x2 : if x1 →
y1 for some s1 ∈ (Σω ∪ Στ )∗ , then
s2
there exists y2 ∈ Q and s2 ∈ (Σω ∪ Στ )∗ such that P(s1 ) = P(s2 ), x2 →
y2 , and
y1 ∼ y2 .
For observation equivalence a generalised version of the bisimulation algorithm [15] can be used. The only difference is that a split is performed on
τ ∗ P(σ )τ ∗

each known equivalence class C, separating states x with x −−−−−→ C, for all
σ ∈ (Σω ∪ Στ ), from other states, i.e, the transitive closure of the silent transitions needs to be considered. Similar to bisimulation the algorithm gives the
minimal FSM.
Besides state merging abstraction, an FSM can be abstracted by removing
σ
redundant transitions. More precisely, a transition x → y is observation equivalence redundant and can be removed [16] if the FSM G contains a matching
path. A matching path starts from x and ends up in the state y by a string consisting of σ and sequences of silent events before or after σ . The matching path
must not contain the transition itself. After removal of the redundant transitions
from G the abstract FSM H is obtained. The following definition describes how
G and H are related.
Definition 5 Let G = hΣ, Q, → G , Q◦ i be an FSM. FSM H = hΣ, Q, → H , Q◦ i with
→ H ⊆ → G is a result of observation equivalence redundant transition removal
τ ∗ P(σ )τ ∗

σ

from G, if for all transitions x →G y there exist x −−−−−→H y.
Bisimulation and observation equivalence are well-known general abstraction methods to merge states. In Chapter 4, bisimulation and a restricted version
of observation equivalence are used to abstract FSMs.
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α

α

q3

q2
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H
q01

α
q23

α
q23

α

α
q4

τ

q4

α
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Figure 2.6: Example of observation equivalence based abstractions.
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Example 4 Consider the FSM G shown in Fig. 2.6. States q2 and q3 are bisimilar as state q4 can be reached from both of them by executing event α . Moreover,
states q0 and q1 can be merged by applying observation equivalence. These
two state merging abstraction steps result in the abstracted FSM G̃ shown in
τ
ε
Fig. 2.6. Next, transition q01 → q01 is redundant because of q01 → q01 , where ε
is the empty string, and can be removed, resulting in the abstracted FSM H in
Fig. 2.6.
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Chapter 3
Supervisory Control Theory
A discrete event system usually consists of a set of plants and specifications modelled as interacting state machines. Plants can be seen as event generators and
describe the behaviour of the uncontrolled system. Usually, the system behaviour
is not acceptable in that it violates some specified requirements, for example, a
machine trying to add a workpiece in a buffer that is currently full. Thus, commonly for a system a set of specifications is defined that describe the desired
behaviour of the system. Now the task is to first verify whether the system satisfies the given specification, and, if not, restrict the system behaviour such that
the given specification is fulfilled.
The supervisory control theory [1] provides a mathematical framework to
automatically calculate, or synthesise, a control function called a supervisor that
restricts the behaviour of the plant such that the specification is always fulfilled.
In this thesis, plants, specifications, and supervisors are usually denoted by G,
K, and S, respectively.
Fig. 3.1, shows the feedback loop of supervisor and plant. The plant generates events in Σ and the supervisor as a function S(.), based on the earlier generated events, influences the plant behaviour, and thus the closed-loop system, by
deciding whether or not to enable the possible events. Thus, the supervisor itself
is incapable of generating events and only enables or disables them. In [17],

Supervisor
S(.)

Σ

Plant
Figure 3.1: The feedback loop of supervisor and plant.
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it was shown that when the plant and supervisor are modelled as FSMs, synchronous composition of the plant and supervisor can describe the behaviour of
the plant under the control of the supervisor. This results in a simplified notion
of controlled behaviour.
Supervisory control theory is generalised for nondeterministic models in [18–
20] among others. In [18, 19], even though the plant may be nondeterministic,
the specification must be deterministic. This condition is relaxed in [20], where
both the plant and specification can be nondeterministic, with the objective that
the controlled system be bisimulation equivalent to the specification. This thesis
considers systems where both plants and specifications are modelled by deterministic finite-state machines, and the nondeterminism considered in this thesis
is the result of abstraction.

3.1 Requirements for Supervisors
A plant describes everything that the uncontrolled system is capable of doing and
the specification expresses the desired behaviour. Then a supervisor is a device
that restricts the plant behaviour such that the plant in the closed-loop with the
supervisor acts as desired. Besides this essential requirement, there are three
more requirements that a supervisor should have.

3.1.1 Nonblocking
The supervisor is designed to fulfil a given specification. However, this is not
per se useful if the supervisor restricts the plant from doing what it is supposed
to do, for example, if the plant under the control of a supervisor gets stuck in
a state or a loop from which no tasks can be completed. To avoid these kinds
of situations, as mentioned in Chapter 2, some states of particular interest in the
plant and the specification can be marked. Then the idea is to design a supervisor
such that the closed-loop system can always reach a state that is marked by both
the plant and the specification. Such a supervisor is referred to as a nonblocking
supervisor [1].
Definition 6 Let G = hΣ, Q, →, Q◦ , Qω i. A state x ∈ Q is called reachable in G
s
t
if Q◦ → x for some s ∈ Στ∗ , and coreachable if x → Qω for some t ∈ Στ∗ . G is said
to be nonblocking if every reachable state is coreachable.
An FSM is nonblocking if from all the reachable states a marked state can be
reached by executing a sequence of events. Given a plant G and a supervisor S
the resultant closed-loop behaviour is G/S (reading as S controlling G), and the
closed-loop system should be nonblocking. The nonblocking definition can be
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easily extended to an EFSM. An EFSM is nonblocking if the resultant flattened
FSM is nonblocking. The formal definition of nonblocking for EFSM is given in
Paper 1 in Def. 11. As mentioned in Section 2.3 in this thesis, the special event
ω is used to represent the marking of states. Then, the nonblocking definition
should also be adapted to event-based marking.
Definition 7 [21] An FSM G = hΣ, Q, →, Q◦ , Qω i is nonblocking, if for every
s
state x ∈ Q and every trace s ∈ Σ∗τ such that Q◦ → x there exists t ∈ Σ∗τ such that
tω
x →.
Similarly to Def. 6, Def. 7 says that if a state is reachable from an initial state
by a sequence of events from Στ , then there must be from that state a sequence of
events that ends with ω . In Def. 7, the condition that s and t are constructed from
the set Στ and thus do not contain ω is important. For example, if s ∈ Σ∗τ ,ω then
the state ⊥ that is used to represent the marking of a state becomes reachable.
As no ω transition is coming out of ⊥, the FSM may falsely seem blocking.

3.1.2 Controllability
A supervisor is a device that restricts the plant behaviour by disabling some
events. It is reasonable to assume that some events cannot be disabled by the supervisor, for example, the breaking of a device. Thus, for the purpose of supervisory control, the alphabet of a system is partitioned into two disjoint subsets, the
set Σc of controllable events and the set Σu of uncontrollable events. Controllable
events can be disabled by a supervisor, but uncontrollable events cannot. Now
the question arises whether the silent event τ and the termination event ω are
controllable or uncontrollable. The termination event is considered as a controllable event because the supervisor should be able to disable ω in order to remove
some markings. Moreover, in this thesis having a silent event in the model of a
system is the result of hiding a local event. Thus, in the case that the controllability of events is relevant, the silent event will have the same controllability
characteristic as the local event that it replaces. In that, the notation of τu and τc
is used for the uncontrollable and the controllable silent events, respectively. In
the case that the controllability of the events are not relevant, the silent event τ is
used, for example in Paper 1, where only nonblocking verification is considered.
To distinguish controllable events and uncontrollable events in the figures,
uncontrollable events are prefixed by an exclamation mark (!).
Considering uncontrollable events, one requirement for the computed supervisor is that it never tries to disable an executable uncontrollable event in order to
restrict the system. In other words, a supervisor is controllable with respect to a
plant if the occurrence of an uncontrollable event does not lead to a string which
is not acceptable by the supervisor [1]. The formal definition of controllability
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for deterministic FSMs is given in Paper 2 in Def. 5, and for nondeterministic
FSMs in Paper 3, Def. 7.

3.1.3 Least Restrictiveness
The purpose of a supervisor is to restrict a plant behaviour to fulfil a given specification. It is typically required of a supervisor to achieve some minimum functionality. To ensure this minimum functionality, in this thesis the least restrictive
supervisor, which restricts the system as little as possible is considered. Least
restrictiveness may not always be required, and it can in fact ease the synthesis
work. However, if a non-least restrictive algorithm synthesizes an overly restrictive supervisor, such as one giving an empty closed-loop system, it is not clear if
this is due to a problematic plant/specification combination, or just an ill-chosen
synthesis result. With an algorithm that guarantees a least restrictive supervisor,
on the other hand, an overly restrictive supervisor will be the best achievable
result and hence definitely a consequence of a problematic plant/specification
combination. And of course, if you are going to do something why not try to do
it optimally!
In this thesis, one goal is to calculate a least restrictive, controllable, and
nonblocking supervisor and such a supervisor always exists and is unique with
respect to a given plant and specification [1].

3.2 Synthesis and Verification
When we are dealing with safety critical systems such as medical devices or systems where errors are expensive such as factories, it is important to know if the
systems works as expected in all possible situations. Formal verification is used
to prove that a system satisfies a given specification. Two important properties
that are typically verified are nonblocking and controllability. Nonblocking verification proves that a system can always complete a certain significant sub-task
without violating the specification, and controllability verification proves that the
system does not uncontrollably violate the specification.
In this thesis only, nonblocking verification of systems modelled as a set
of EFSMs are considered. Nonblocking and controllability verification of FSM
models are well-developed in the literature [1, 6, 7]. It was shown in [22] that
controllability problems can be converted into nonblocking problems, making it
possible to verify both nonblocking and controllability by running the nonblocking verification algorithm only once.
The straightforward approach to verify the nonblocking property is to compose all the components of the system. In the case that the system is modelled
as a set of EFSMs, the next step is to flatten the composed EFSM. The final step
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is to check if the resultant FSM is nonblocking by inspecting if it is possible to
reach a marked state from all the reachable states.
Example 5 Consider the manufacturing system in Example 1. The EFSM model
of the system is shown in Fig. 2.3 and the synchronous composition result is
shown in Fig. 2.5. To use the straightforward approach to verify the nonblocking
property of the system, the system needs to be flattened first. Fig. 3.2 shows the
flattened FSM H. Initially the buffer is empty, which means b = 0, and M1 and
M2 are in initial locations I1 and I2 . Thus, the initial state of H is (0, I1 , I2).
At this state the event s1 can occur. After occurrence of this event, the buffer is
still empty and M2 is still in the location I2 . M1 however, moves to location W1 .
Thus the next state of the system is (0,W1 , I2) and so on. The flattened FSM H
is isomorphic to FSM M1 k B k M2 shown in Fig. 2.4. This confirms that both the
FSM and EFSM models describe the same behaviour. FSM H is nonblocking as
from all the states, the marked state (0, I1, I2 ) can be reached. Thus, the original
EFSM system is nonblocking.

H
f2

0, I1 , W2

s1

0, W1 , I2

0, I1 , I2
1, I1 , I2

s2

f1

f2
1, I1 , W2
s1

s1
s1

f1

f2
1, W1, W2

s2

1, W1 , I2

f2

0, W1, W2
Figure 3.2: The flattened FSM of the EFSM model of the manufacturing system.
After verification, if the result is satisfactory then the task is done and there
is no need to design a supervisor as the specification can be used as a supervisor.
Otherwise, a supervisor needs to be designed to prevent the system to go to the
bad states. To this end, supervisory control theory [1, 6], which automatically
synthesises such a supervisor is proposed.
The synthesis algorithm in this thesis first transforms all the specifications to
plants [22]. A specification FSM is transformed into a plant by adding, for every
uncontrollable event that is not enabled in a state, a transition to a new blocking
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state ⊥. The formal definition of plantification is given in Paper 2, Def. 8. Plantification essentially transforms all initial controllability problems into blocking
problems. Then, the plant G and the transformed specification K ⊥ are synchronised and the synthesis algorithm iteratively identifies and removes blocking
states, and the states that uncontrollably go to blocking states. The algorithm
in the end returns the least restrictive nonblocking and controllable behaviour
allowed by a specification K with respect to a plant G.
Example 6 Consider the manufacturing system in Example 1. The events ! f1
and ! f2 are uncontrollable and s1 and s2 are controllable. The safety issue in
this system is that machine M1 should not try to put a workpiece in the buffer
B if the buffer is currently full, and M2 should not try to remove a workpiece
if the buffer is empty. Therefore, FSM B is considered as the specification to
avoid buffer overflow and underflow and the machines are considered as the
plants. This specification is uncontrollable as it disables the uncontrollable event
! f1 in the states (F,W1,W2 ) and (F,W1 , I2 ) to avoid adding a workpiece in a
currently full buffer. Thus, the plant violates the specification uncontrollably
and a supervisor needs to be designed. The first step to design a supervisor is
to plantify the specification. Fig. 3.3 shows the FSM B⊥ , which is the result
of plantification. Next, B⊥ is composed with M1 and M2 . The state ⊥ in the
composed FSM B⊥ k M1 k M2 represents the initial controllability problem, and
it is a blocking state as can be seen in Fig. 3.3. The plant needs to be restricted
to avoid ending up in the blocking state ⊥. This state however, is reached from
(F,W1,W2 ) and (F,W1, I2 ) by the uncontrollable event ! f1 , which the supervisor
cannot disable. Thus, the best control decision is to disable event s1 in the states
(F, I1,W2 ) and (F, I1 , I2 ) and thus avoid starting machine M1 when the buffer is
full. The least restrictive, nonblocking and controllable supervisor S is shown in
Fig. 3.3.
In the finite-state case, the iteration to remove all problematic states is guaranteed to terminate, and the complexity is O(|Q||→|), where |Q| and |→| are the
numbers of states and transitions of the state machine. As shown by [23] the synthesis problem is NP-hard, since the size of Q and → grows exponentially with
the number of components. Thus, the straightforward approaches for verification
and synthesis described in Section 3.2 are limited by the state-space explosion
problem. Therefore, this thesis proposes a compositional approach, described in
Chapter 4, to solve synthesis and verification problems more efficiently.

3.3 Problems Considered
We assume that the components of a system are given as deterministic finitestate machines or extended finite-state machines. The individual components
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Figure 3.3: The specification and the supervisor of the manufacturing system.
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have arbitrary alphabets, all the events of the systems are observable and the
controllability characteristic of an event does not change from one component to
another.
To be more detailed, the two problems considered are:
The modular nonblocking verification problem A modular system is modelled as
E = {E1 , . . . , En }
(3.1)
where each Ei is an extended finite-state machine. The task is to verify
whether the system E is nonblocking. As only nonblocking verification is
considered, the controllability of the events is irrelevant. Also, there is no
need to treat specifications and supervisors differently from plants.
The modular supervisor synthesis problem A modular plant G = {G1 , . . . ,
Gm } and a modular specification K = {K1 , . . . , Kl } are given as FSM models. As mentioned before, the specifications are plantified and thus, the
system is
G = {G1 , . . ., Gn }

(3.2)

The task is to calculate a least restrictive, controllable and nonblocking
supervisor which has a modular structure. Here, as the supervisor not only
needs to be nonblocking but also controllable, in contrast to nonblocking
verification, the controllability of events is considered.
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Chapter 4
The Compositional Approach
Usually discrete event systems are modular in the sense that the model of the
system consists of a set of plant components and a set of specifications, all interacting with each other. The straightforward way to analyse a system involves
building an explicit monolithic model which may lead to the inherent complexity problem known as the state-space explosion problem. This combinatorial
problem occurs as the number of states grows exponentially with the number of
components. This problem makes it intractable to examine the monolithic statespace of a system due to lack of memory and time. Consequently, constructing
the explicit monolithic model of the system is not efficient and methods to exploit the modular structure or methods that efficiently represent the state-space
of the system are needed. One way to exploit the modular structure of a system
is to use a compositional approach. The compositional approach has previously
been successfully used for verification of discrete event systems [2, 24–27]. In
this thesis, the compositional approach is used both for verification and synthesis
of systems, which are respectively modelled as a set of interacting EFSMs and
FSMs.
In this chapter, Section 4.1 briefly overviews different existing approaches
that help to avoid the state-space explosion problem. The general compositional
approach is described in Section 4.2. The compositional nonblocking verification algorithm for EFSM systems is explained in Section 4.3. Finally, Section 4.4
describes two frameworks for compositional synthesis of FSM.

4.1 Alleviating the State-Space Explosion Problem
Various approaches to avoid state-space explosion have been proposed in the
literature. This section briefly describes the modular, hierarchical, and symbolic
representation approaches.
The modular approach was first introduced in [28]. In this work it was shown
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that controllability verification and controllability synthesis can be done by considering one specification at a time with the plant components it imposes requirements on. This approach was later developed in [29, 30]. The modular approach
is very efficient, however all the works mentioned only consider controllability
of a supervisor, and they do not guarantee global nonblocking of the closedloop behaviour. The work in [31], resolves conflict among modular supervisors.
However, in this work the supervisor is not necessarily least restrictive.
Hierarchical approaches divide the system into different levels of hierarchy.
This was first introduced by [32], and was later developed in [33]. In [33], the
authors divide the system into high-level and low-level subsystems where subsystems communicate through interfaces. More recently, decentralized and hierarchical approaches are presented in [34–36]. In these works, the authors obtain
decentralized supervisors for each specification and partition the plant components and decentralized supervisor into subsystems. Natural projection with the
observer property is used as a method to abstract each subsystem. The work
in [34] does not necessarily result in a least restrictive supervisor. To guarantee least restrictiveness, output control consistency [35] and the less restrictive
condition of local control consistency [36] are proposed.
Algorithms based on Binary Decision Diagrams (BDDs) [37] convert the
model of the system to a symbolic representation in the form of BDDs [38]
and explore the full state-space symbolically [39]. By symbolic we mean that
during analysis, the system is not represented directly as states and transitions but
indirectly as Boolean functions. Representing a system symbolically, in many
cases results in smaller representation of the state-space of the system. BDDs
were first brought into the supervisory control theory by [40] and were later
developed by [41–43].

4.2 General Compositional Approach
In this thesis, the compositional approach is used to alleviate the state-space explosion problem, and it is used both for nonblocking verification and supervisor
synthesis. If the task is to verify nonblocking, then the controllability of the
events is irrelevant and thus, the specifications can be considered as plants. Otherwise, the specifications are first plantified as explained in Section 3.2. Therefore, in both nonblocking verification and synthesis, the input to the compositional approach is a set of interacting plant components
G = G1 k · · · k Gn .

(4.1)

To alleviate the state-space explosion problem, the compositional approach
constructs the monolithic model gradually, while abstracting components at each

24

4.2. G ENERAL C OMPOSITIONAL A PPROACH

step. Before beginning the synchronisation process, each individual component
is first abstracted, and the abstractions replace the original components. By abstractions we mean removing redundancy, and an abstracted component has less
states or transitions compared to the original component. If no more abstraction
is possible then some components need to be composed or, if the system is an
EFSM system, some variables are removed by partially unfolding them (as explained in Section 4.3.2). Iteratively, the intermediate results are composed and
abstracted again and again, until eventually, the procedure leads to a single state
machine, which is an abstract representation of the system. This state machine
has less states and transitions than the original system. The final step is to use
the final abstracted state machine for either verification or supervisor calculation.
Fig. 4.1 illustrates the general compositional approach.
The compositional approach explained above is general and can be used for
any system and any property of interest. Once the property of interest is determined, we can define abstraction methods that abstract each component in such
a way that the property is preserved. Abstraction methods play an important role
in the efficiency of the compositional algorithm. The reason is that the size of
the final component depends on the abstractions at each step and the smaller the
size, the more efficient the analysis.
Another main ingredient for the compositional approach to work is heuristics,
which decide what components to compose at each step of the algorithm.
In the following sections, some general points regarding hiding events, which
is essential for abstraction, heuristics, and issues that need to be considered when
abstracting components are discussed.

4.2.1 Local Events and Hiding
The state-space explosion problem is more noticeable when the components are
loosely coupled, which means some components have internal behaviours independent of others. While this independence can result in state-space explosion, it
can also be useful when abstracting components in the compositional approach.
The events that represent the internal behaviour of components are referred to
as local events. The reason that they are called local is that these events appear
locally in only one component of the system. In this thesis, the set ϒ denotes
the set of local events. Non-local, shared, events are denoted by Ω = Σ \ ϒ.
In general, abstraction methods depend on the local events and the more local
events, the more possibility of abstraction.
In compositional nonblocking verification, the identity of the local events can
be hidden. Local events can thus be replaced by the silent event τ . This is possible because hiding of local events does not change the nonblocking property of
a system [2]. Paper 1 only considers compositional nonblocking verification and
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Figure 4.1: General compositional approach. The modular system is described
by {G1 , G2 , · · · , Gn } which is a set of plant state machines and ∼ is a proper
equivalence relation.
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thus, the local events are hidden when possible. In the compositional synthesis
approach presented in Paper 2, the local events are not hidden as the supervisor
may need to know the identity of the events to make control decisions. Paper 3,
similar to Paper 2, uses the compositional approach for supervisor calculation.
However, as the supervisor in Paper 3 makes control decisions based on the states
rather than the events, hiding is possible in this paper. In this paper the local uncontrollable and controllable events are replaced by τu and τc , respectively.
In the figures, if local events are not hidden, they are shown with parentheses
around them.

4.2.2 Abstraction Methods
Generally, the compositional approach attempts to replace individual components by abstracted versions. This requires that the abstracted components are
properly related to the original components. In this respect, a proper notion of
equivalence needs to be identified. This can be done by defining the property
that is required to be preserved.
For compositional nonblocking verification, the property of interest is nonblocking. Thus, we consider two state machines equivalent if both have the same
nonblocking results in synchronisation with an arbitrary test state machine. This
equivalence relation is called conflict equivalence. It was introduced in [44] and
is used in Paper 1. The test state machine essentially represents the rest of the
system and the reason for considering it arbitrary is to have a general framework,
which works for arbitrary systems.
In the case of compositional synthesis, the intention is to calculate a supervisor to control a system. Thus, given a plant G and the supervisor S calculated in a monolithic way, in order to calculate a supervisor S̃ by the compositional approach, the equivalence relation could be defined as either maintaining
the same supervisor as the monolithic supervisor, L (S) = L (S̃), or having the
same closed-loop behaviour L (G k S) = L (G k S̃). Technically, supervisors
are calculated to modify the closed-loop behaviour of the system such that the
specification is fulfilled. Consequently, in Paper 2 and 3, maintaining the same
closed-loop behaviour is considered as the property of interest when calculating
a supervisor. This equivalence relation is called synthesis equivalence.

4.2.3 Heuristics
The efficiency of the compositional algorithms is sensitive to the order in which
state machines are composed and abstracted. As there are many options at each
step, a number of heuristics has been defined to decide what state machines to
compose.
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As mentioned before, abstraction methods play an important role in the performance of the compositional approach, and usually local events and hiding
are essential for abstraction. Moreover, it is important to keep the intermediate
results small. Based on these principles a variety of heuristics to decide what
FSMs of a system to compose are proposed in [2]. These heuristics are used in
the compositional synthesis approach in Paper 2 and 3.
For compositional nonblocking verification of EFSM systems, the algorithm,
besides composing EFSMs at each step, also needs to gradually remove variables. Thus, the heuristics for EFSM systems do not only consider what EFSMs
to compose, but also which variables to remove at each step. In general, it is a
good idea to remove variables with small domains as this produces smaller intermediate results, or variables that appear frequently as removing them simplifies
large numbers of updates. Different heuristics for EFSM systems are proposed
in Paper 1.

4.3 Compositional Verification of EFSM Systems
The compositional nonblocking verification algorithm for EFSM systems seeks
to repeatedly apply conflict equivalence abstractions to individual EFSMs and
partially unfold variables. In the end of the compositional algorithm, all the
variables are partially unfolded and the system is simple enough to be verified
monolithically.
As mentioned before, one of the most important steps in the compositional
approach is abstraction. In [2], a variety of abstraction methods for FSMs are
proposed that preserve conflict equivalence. This framework is extended to
EFSM systems in Paper 1. In general, the nonblocking property of an EFSM
system is not necessarily preserved after applying the abstraction methods defined for FSMs to an EFSM without considering the updates of the EFSM. In the
following, by the help of an example it is shown how updates in an EFSM affect
the abstraction methods defined for FSMs.

q0

τ

E

G̃

G

β
q1

q01 β

Ẽ
q0

τ :x>0

τ : x > 0 q01 β

β
q1

Figure 4.2: FSM G̃ and G are conflict equivalent, while EFSM Ẽ and E are not
conflict equivalent.
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Example 7 Consider the FSM G and EFSM E in Fig. 4.2. The events of the
τ
transitions q0 → q1 in G and E are local and hidden. First consider the FSM
G. Clearly from q0 and q1 the same states can be reached by executing the same
events if the silent event τ is not considered. Thus, q0 and q1 are observation
equivalent, Def. 4. As observation equivalence preserves conflict equivalence
[45], states q0 and q1 can be merged, resulting in the conflict equivalent FSM G̃
shown in Fig. 4.2.
Now consider the EFSM E. The domain of the variable x is {0, 1, 2} and
◦
x = 0. This EFSM is blocking because, to reach the marked location q1 , the
τ :x>0
transition q0 −−−→ q1 needs to happen, and as initially x = 0, this is impossible.
If we apply to E the same abstraction method as on G, without considering the
update x > 0, the EFSM Ẽ, shown in Fig. 4.2, is obtained, which is clearly
nonblocking. Thus, E and Ẽ are not conflict equivalent.
In Example 7, we blindly applied the same abstraction method on both G and
E. However, since the update of the silent event in E was disregarded, E and Ẽ
in contrast to G and G̃ are not conflict equivalent.
Now questions arise. Can we apply conflict equivalence abstractions developed for FSM on EFSMs? When can we use a silent event for an abstraction?
How can we remove variables from the system without facing the state-space
explosion problem?
All the above questions are answered in Paper 1, and some details of the
paper are discussed in the following sections.

4.3.1 Normalisation
At first sight, it seems that the main obstacle to apply the abstraction methods
developed for FSMs to EFSMs is the updates of EFSMs. In an EFSM system,
transitions of components are labelled by events and updates, and most likely
each event associates with different updates in different transitions, as this gives
the user more freedom to model the system. This makes it hard to see how
executing an event in an EFSM system affects the variables. The first step of
the compositional nonblocking verification algorithm is therefore normalisation.
Normalisation associates each event with its own distinct update. To normalise
an EFSM system, components are first individually normalised and then the system is globally normalised.
A component is not normalised if an event appears on different transitions
with different updates. To individually normalise components we use renaming,
which introduces new events to the system for each update p associated with
event σ . Note that the events introduced by renaming should not already be in the
alphabet of the system, otherwise the renaming process may not converge. After
renaming one component, the other components of the system are changed to use
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Figure 4.3: The result of individual normalisation of E1 and E2 .
the new events. Prop. 2 in Paper 1 confirms that the behaviour of a system before
and after individual normalisation of each component is identical up to renaming
of the events. As renaming preserves the nonblocking property, normalisation of
individual EFSMs does not change the nonblocking property of the system.
Example 8 Consider the EFSM system {E1 , E2 }, where E1 and E2 are shown
in Fig. 4.3. EFSM E2 is already individually normalised as both α and β in this
EFSM have unique updates. However, EFSM E1 is not normalised as the event α
appears with updates y′ = 1 and x′ = x+1. To normalise EFSM E1 , the events α1
α :y′ =1

and α2 are introduced. These events replace the event α in transitions q0 −−−−→
α :x′ =x+1

q1 and q1 −−−−−→ q2 of E1 respectively, which results in the normalised E1′
shown in Fig. 4.3 bottom left. Now, we need to replace the event α in E2 by
the new events to comply with the event modification. The updates of the events
α1 and α2 in the modified EFSM E2′ are equal to the update of α in E2 . The
normalised EFSM E2′ is shown in Fig. 4.3 bottom right.
After normalising individual components, the system needs to be globally
normalised. This is done by assigning to each event an update, which is the conjunction of all the updates associated with that event in the EFSMs in the system.
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The updates associated to each event after this step are essentially the updates
that would have been calculated by synchronisation. However, normalisation in
contrast to synchronisation retains the modular structure, which is essential for
the compositional approach.
If an EFSM system is normalised, the need to have updates on each transition is removed. Moreover, the synchronisation task becomes simpler because
updates can be disregarded and standard FSM synchronisation can be used for
normalised EFSM systems.
N (E1′ )
q0

N (E2′ )
q0

α1
α2

α1
q1

α2
q2

α1
α2

q1

Event
α1
α2
β

Update
= 1∧x = 0
′
x = x+1∧x = 0
true
y′

β
q2
Figure 4.4: The normalised system in Example 9.

Example 9 Consider the EFSM system {E1′ , E2′ } shown in Fig. 4.3 where components are individually normalised. The update of the event α1 is y′ = 1 in E1′
and x = 0 in E2′ . To globally normalise the system, the update of α1 becomes the
conjunction of y′ = 1 and x = 0, which is y′ = 1 ∧ x = 0. Similarly, the update of
α2 is x′ = x +1 in E1′ and x = 0 in E2′ , and thus the update of α2 in the normalised
system is x′ = x + 1 ∧ x = 0. The update of the event β does not change as this
event is local to E2′ . After normalisation of the system, writing the updates on
the transitions becomes unnecessary, and the information regarding the update
of each event is given in the table in Fig. 4.4. The figure also shows N (E1′ ) and
N (E2′ ), which replace E1′ and E2′ respectively after the normalisation procedure.
The normalisation procedure preserves the nonblocking property of the system and is explained in detail in Section 4 of Paper 1. From now on we assume
that EFSM systems are normalised.

4.3.2 Partial Unfolding
As mentioned before, the straightforward approach to verify an EFSM system
unfolds all the variables of the system at once, which results in the state-space
explosion problem. To alleviate this problem, the compositional approach for
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Figure 4.5: Example of partially unfolding a variable y.

EFSM systems unfolds variables gradually and replaces them by EFSMs called
variable EFSMs. This process is referred to as partial unfolding.
Assume that we want to remove a variable v from the system and replace
it with the variable EFSM V . The locations of the variable EFSM correspond
to the domain of the variable v. To label the transitions of the variable EFSM,
first events with the variable v in their updates are identified. These events, in
combination with variable values create new events that label the transitions of
(σ ,a,b)
the variable EFSM. An event of the form (σ , a, b) labels the transition a −−−−→ b
of the variable EFSM V . Now, if the update of σ is p, the values a and b are
substituted for v and v′ , respectively, in updates that have the variable v. This
results in simpler updates with fewer variables, which are assigned as the updates
of the new events (σ , a, b).
Since partial unfolding introduces new events in the system, all the EFSMs
of the system need to be modified to use the new events.

Example 10 Consider the normalised EFSM system shown in Fig. 4.4 with the
updates in the table of the figure. Assume dom(x) = dom(y) = {0, 1} and x◦ =
y◦ = 0. Partially unfolding the variable y results in the variable EFSM Y with
locations 0 and 1 in Fig. 4.5 top left. The only event that has the variable y in
its update is α1 with update y′ = 1 ∧ x = 0. This event is replaced by four new
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events representing (α , y, y′ ) for the possible combinations of y’s domain values:
(α1 , 0, 0) with update (y′ = 1 ∧ x = 0)[y 7→ 0, y′ 7→ 0] ≡ 0 = 1 ∧ x = 0 ⇔ false
(α1 , 0, 1) with update (y′ = 1 ∧ x = 0)[y 7→ 0, y′ 7→ 1] ≡ 1 = 1 ∧ x = 0 ⇔ x = 0
(α1 , 1, 0) with update (y′ = 1 ∧ x = 0)[y 7→ 1, y′ 7→ 0] ≡ 0 = 1 ∧ x = 0 ⇔ false
(α1 , 1, 1) with update (y′ = 1 ∧ x = 0)[y 7→ 1, y′ 7→ 1] ≡ 1 = 1 ∧ x = 0 ⇔ x = 0

The new events and their simplified updates are shown in the table in Fig. 4.5.
All the events with false update can be removed as the transitions labelled with
these events can never happen. Fig. 4.5 shows EFSM Y ′ , which is obtained by
removing transitions with false updates from Y . After introducing new events,
the EFSMs need to be changed to use the new events. Fig. 4.5 shows H1 and H2
at the bottom, which replace N (E1′ ) and N (E2′ ) in Fig. 4.4 respectively.
Note that after unfolding a variable v, we replace the variable in an update
with different values. Then the system is not necessarily normalised if we do not
introduce the new events in the system. Therefore, we replace σ with (σ , a, b).
The question at this point is how partial unfolding can help with the statespace explosion problem? Partial unfolding simplifies updates in the sense that
they have less variables. This helps with the abstraction methods, as explained
in the next section.

4.3.3 Adapting FSM Abstraction Methods for EFSMs
One of the contributions of Paper 1 is to find a way to apply the conflict equivalence abstraction methods defined for FSMs [2] directly on EFSMs. As most
abstraction methods defined for FSMs use the silent event τ , the first step is to
extend the notion of silent events into the EFSM framework.
Silent events replace local events, i.e., events that only appear in one FSM
in the system. Local events can be replaced by silent events because they do not
interact with other components of the system. In an EFSM system however, as
shown in Example 7, only considering local events when abstracting an EFSM
does not necessarily yield conflict equivalence abstraction. This is because even
though local events do not interact with other components, the variables in the
updates associated with those local events may be shared, and thus interact, with
other components. Thus, intuitively we can hide events that are local and have no
variables in their updates. As updates are predicates, updates with no variables
can be replaced by true or false. As transitions with false update are always
disabled, they can be removed from the system. This leaves us with true updates
as the updates with no variables. Thus, we can hide events that are local and have
true updates. This makes sense because transitions of an EFSM that are labelled
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by silent events and true updates are always enabled, similarly to transitions
labelled by silent events in an FSM.
Once we identified the local events that can be hidden, we can regard the
normalised EFSM as an FSM, and hence apply all the abstractions defined for
FSMs in [2]. This approach is explained in detail in Section 5.5 of Paper 1 and
the proof of correctness is given in Section B.5 of Paper 1.
G

G̃
q0

q0
(α1 , 0, 1)
(α1 , 1, 1)
α2

q1

τ
q2

(α1 , 0, 1)
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x=0
x′ = x + 1 ∧ x = 0
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Figure 4.6: Example of FSM-based conflict equivalence abstraction.
Example 11 Consider the EFSM system H1 , H2,Y ′ shown in Fig. 4.5. Event β
is a local event with true update and thus, this event can be hidden. The next
step is to consider the EFSM H2 as an FSM and hide event β . Fig. 4.6 on
the left shows the resultant FSM G. Now applying to G observation equivalence
abstraction, which preserves conflict equivalence [2], results in merging of states
q1 and q2 and the abstracted FSM G̃. Afterwards G̃ is regarded as an EFSM, by
considering the updates again. G̃ is shown in Fig. 4.6 to the right.

4.3.4 Experimental Results
The compositional verification has been implemented in the DES software tool
Supremica [46] and applied on several large industrial models taken from [47–
54]. The test cases include complex industrial models such as manufacturing
systems and automotive body electronics. For a detailed discussion, we refer to
Paper 1.
To evaluate the efficiency of the EFSM-based compositional nonblocking
verification algorithm, its performance is compared with the BDD-based algorithm and FSM-based compositional algorithm both implemented in Supremica.
The BDD-based algorithm converts an EFSM system to a symbolic representation and the FSM-based algorithm converts the EFSM system to a modular FSM
system. Paper 1 explains in detail how an EFSM system is converted to an FSM
system.

34

4.4. C OMPOSITIONAL S YNTHESIS

The compositional nonblocking verification algorithm successfully verifies
all the test cases in a few seconds or minutes, while the BDD-based algorithm
fails for large scaled-up systems and the FSM-based algorithm fails for EFSM
systems with complicated updates. The reason that the BDD-based algorithm
fails for some examples is, while the algorithm copes well with complicated
updates it is limited by the size and search depth of the state-space, and the BDDs
representing these systems are large. On the other hand, the reason for failure
of the FSM-based algorithm for systems with complicated updates is that, the
more complicated the updates in an EFSM system are, the more events appear in
the converted FSM-based compositional algorithm. Thus, it takes a long time to
convert the systems and in some cases, the conversion takes longer time than the
verification itself.
The EFSM-based compositional algorithm outperforms the two
well-developed verification algorithms in most of the cases, and shows promising results even for large industrial models.

4.4 Compositional Synthesis
This section discusses the compositional synthesis approach, which is the subject of Paper 2 and 3. In compositional synthesis, in contrast to verification, we
are concerned with more than giving a “yes” or “no” answer, and the task is to
remove the states that violate the specification. In addition, since we are interested in calculating a controllable supervisor, we need to take into account the
controllability of the events.
As mentioned before, the property of interest in Paper 2 and 3 is synthesis
equivalence, a property that preserves the same closed-loop behaviour.
In Paper 2 the supervisor is represented as a set of FSMs and in Paper 3
the framework is extended and the supervisor is a set of state maps. Having a
supervisor as a state map allows nondeterminism after abstraction and transition
removal abstraction, both of which are avoided in Paper 2.
In the following, some details regarding each approach are given.

4.4.1 State Machine-Based Supervisor
The supervisor calculated in Paper 2 is a set of FSMs that disables controllable
events that the plant would otherwise have generated. As mentioned before, the
property of interest in Paper 2 is synthesis equivalence, which requires the same
closed-loop behaviour after each abstraction. In the framework of Paper 2, to
preserve synthesis equivalence after each abstraction, the abstracted FSM needs
to be deterministic. The following example makes it clear why this condition is
essential.
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Figure 4.7: Abstraction of G1 results in the deterministic FSM G̃1 , while abstraction of G2 results in the nondeterministic FSM G̃2 .
Example 12 Consider FSMs G1 , G̃1 , and T in Fig. 4.7. All events are controllable, and events α and β are local events in G1 . States q0 and q2 in G1 can be
merged because if from one of them a marked state can be reached, then from
the other one a marked state can also be reached by executing the local events.
Thus, synthesis always removes either both or none of them. This results in G̃1 ,
which is synthesis equivalent with G1 . Calculating a supervisor for G̃1 and T
results in S1 , shown in Fig. 4.7 to the right. Supervisor S1 in composition with
G1 and T disables event ξ in state q0 and enables event γ in q2 of G1 . This
supervisor will give the same closed-loop system when controlling G and T , as
would the monolithic supervisor. Now consider FSM G2 in Fig. 4.7. Applying
the same abstraction method to G2 results in G̃2 . The supervisor calculated from
G̃2 and T is S2 shown in Fig. 4.7. This supervisor enables event γ in the states
q0 and q2 of G2 . Thus, S2 is a blocking supervisor for G2 and T , since it permits
the blocking state q1 of G2 to be reached.
In Example 12, a correct supervisor needs to be aware of the states of G2
in order to decide whether to enable the controllable event γ or not, and it is
not straightforward to construct such a supervisor only from the abstraction G̃2 .
For a supervisor FSM to work correctly, nondeterminism should be avoided after
abstraction. Then we have two solutions: either we do not merge states if it leads
to nondeterminism, which may make some desirable abstraction impossible, or
we use renaming. In Paper 2, to avoid nondeterminism after abstraction, the idea
of distinguishing sensors [55] is adapted and renaming is proposed. Similarly
to renaming in Paper 1, renaming in the framework of Paper 2 introduces new
events. After applying a renaming to one component, new events are introduced,
so the remaining components need to be modified to use the new events.
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Figure 4.8: Applying renaming to G′2 to avoid nondeterminism after abstraction.
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Figure 4.9: A distinguisher for the system shown in Fig. 4.8.
Example 13 Consider again FSMs G2 , G̃2 , and T in Fig. 4.7. As shown in
Example 12, merging states q0 and q2 in G2 results in nondeterminism. To avoid
this, a renaming is introduced that replaces event γ by two new events γ1 and γ2 .
Then G̃2 is replaced by the abstraction G′2 in Fig. 4.8, which is a deterministic
FSM. Next, since FSM T has event γ , it needs to be modified to use the new
events. Thus, T is replaced by T ′ shown in Fig. 4.8. Now we can calculate a
supervisor for G′2 and T ′ , which is shown in Fig. 4.8 as FSM S′ .
The question that arises at this point is how the supervisor synthesised from
the renamed model can control the original plant? To make this possible, a distinguisher is introduced in Paper 2, which is considered to be a part of the final
supervisor. A distinguisher is an FSM that differentiates between the renamed
events and it guarantees that only one of the renamed events is enabled at each
state. Distinguishers enable the final supervisor to choose the correct transitions.
For example, FSM D shown in Fig. 4.9 is a distinguisher that differentiates event
γ1 from γ2 since it enables at most one of these events in each state. Technically,
a distinguisher is the original FSM before abstraction with the renamed events to
distinguish.
To see how supervisor S′ and distinguisher D control the original system
consisting of G2 and T , assume that the plant wants to execute event γ in its
initial state (q0 ,t0). From the renaming, we see that this event is replaced by
γ1 and γ2 . At this point, the distinguisher D is in its initial state d0 and it only
enables γ1 . However, the supervisor S′ disables event γ1 in its state s0 . Thus, the
event γ is disabled at the initial state. Now assume that the plant wants to execute
the event α in the state (q0 ,t0 ). As this event is enabled by the supervisor, the
plant can execute this event and move to the state (q2 ,t0 ). After execution of
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event α , the distinguisher goes to the state d2 and S′ stays at s0 . Now assume
the plant asks if it is safe to execute event γ . Then the renaming again tells the
supervisor that this event is replaced by γ1 and γ2 . Since the distinguisher D is
in the state d2 , only event γ2 can be enabled. As the supervisor also enables the
controllable event γ2 the event γ can be executed at the global state (q2 ,t0).
In the framework of Paper 2, the supervisor is a set of FSMs. As shown
above, one drawback with having supervisor as a set of FSMs is that nondeterminism should be avoided at all the steps of the compositional synthesis. Another
issue with having the supervisor as a set of FSMs is that transition removal abstraction may result in a not necessarily least restrictive supervisor. These issues
are resolved in the framework of Paper 3.

4.4.2 Map-Based Supervisor
As mentioned in the previous section, in the framework of Paper 2 nondeterminism is avoided at all the steps of the compositional approach. Moreover,
transition removal abstractions are not used unless it becomes clear that the supervisor FSM does not need them to make a control decision, as for example
selfloop-only events in Def. 17 of Paper 2. Otherwise, in the absence of a transition in the supervisor, the event of that transition, if it is controllable, will be
interpreted as a disabled event. This can result in a supervisor, which is not least
restrictive. Thus, transition removal abstractions are not used in Paper 2. However, there are usually much more transitions than states in a state machine, and
removing transitions can significantly decrease the memory usage. These issues
are resolved in Paper 3.
The following example illustrates how abstraction by removing a transition
can result in not having a least restrictive supervisor FSM.
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Figure 4.10: Transition removal results in the supervisor S, which is not a least
restrictive supervisor.
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Example 14 Consider the system G = {G1 , G2 } in Fig. 4.10. Event α is a
shared controllable event and event β is a local uncontrollable event and thus,
α
can be hidden. The transition p1 → p3 in G1 is a redundant transition as there
τ
α
is the matching path p1 →u p2 → p3 . If we remove the redundant transition the
abstracted FSM G̃1 is obtained as shown in Fig. 4.10. Now using FSM G̃1 and
G2 to calculate a supervisor results in supervisor S shown in Fig. 4.10. This
supervisor disables event α at state p1 of G1 , while the monolithic supervisor
would enable it. Thus, this supervisor is not a least restrictive supervisor.
The problem in Example 14 happens because the supervisor is an FSM. As
the supervisor works in synchrony with the plant, in the absence of the transition
α
s1 → s3 , the event α will be interpreted as disabled by the supervisor. However,
as we can see from the supervisor S in Fig. 4.10, states p1 and p3 are considered
as safe states. Thus, if event α happens in state p1 , this event would drive the
plant to the safe state p3 . This gives us the idea to have a supervisor as a map
instead of an FSM, that links the states of the original plant at the start of the
compositional algorithm to the states of the current abstraction, and finally states
that are determined as safe states by the final supervisor. This supervisor map
only contains the safe states, and at each state of the plant enables controllable
events, by which a state in the supervisor map is reached.
Example 15 Consider the system G = {G̃1 , G2 } and the calculated supervisor
S in Fig. 4.10. Instead of having the supervisor S as an FSM we can have the
map µ shown in Fig. 4.11 as a supervisor.
S
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α
s1
τu
s2

G1 G2

µ

(p0 , q0 )
s0

(p1 , q1 )
s1

(p2 , q1 )
s2

(p3 , q2 )
s3

µ

γ
s4

α
s3
Figure 4.11: Supervisor map for system G shown in Fig. 4.10.

To show how the supervisor map controls the system, assume that the system
is in the state (p0 , q0 ), where the event α is enabled and would lead the system
to state (p1 , q1 ). To see whether this event is enabled by the supervisor or not
we need to check if state (p1 , q1 ) is considered safe in the supervisor map. This
state corresponds to state s1 in the map µ , which is a safe state. Thus, α should
be enabled. Next, at the state (p1 , q1 ) the plant enables events γ , !β and α . Event
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β is uncontrollable and must be enabled. By event γ , the system ends up in the
state (p4 , q1 ), which is not in the supervisor map. The absence of this state is
interpreted as it being unsafe, and thus γ is disabled by the supervisor. Event α
leads the system to the state (p3 , q2 ). The image of this state in the map is s3 .
Thus, event α is enabled by the supervisor.
The supervisor map µ shown in Fig. 4.11, in contrast to the supervisor FSM
S shown in Fig. 4.10, enables event α in the state p1 of G1 , even after removing
α
transition p1 → p3 . Thus, in the framework of Paper 3, in addition to state merging abstraction, transition removal abstraction is also used, which can decrease
the memory usage.
The following section briefly explains state merging, state removal and transition removal abstractions that preserve synthesis equivalence.

4.4.3 Abstraction Methods Preserving Synthesis Equivalence
Even though it may be easy to define an equivalence relation that should be preserved, finding methodologies to simplify the systems in a way that the property
of interest is preserved is not straightforward.
The main challenge in the compositional synthesis approach is to find methods to abstract FSMs of the system such that synthesis equivalence is preserved.
Since the only step in the compositional approach that actually reduces the size
of a system is the abstraction step, the efficiency of the compositional approach
considerably depends on the abstraction methods.
Generally, abstraction methods for compositional verification such as those
proposed in [2], are not applicable for compositional synthesis. Technically, less
states can be merged in the compositional synthesis compared to compositional
verification, since merged states should not only have the same blocking property, they should also have the same synthesis property.
The state merging abstraction methods used in Paper 2 and 3 are based on
bisimulation and observation equivalence [14]. While it is proven in [56] that
bisimulation preserves synthesis equivalence, by using a counterexample it is
shown in Paper 2 that observation equivalence does not. However, it is possible
to strengthen observation equivalence to be applicable in compositional synthesis. For this purpose, weak synthesis observation equivalence is introduced in
Paper 2 and also used as an abstraction method in Paper 3.
Weak synthesis observation equivalence, similarly to observation equivalence, is a state merging abstraction. In weak synthesis observation equivalence,
the equivalent states should not only have the same future behaviour but also the
same synthesis behaviour. This means that two states are considered equivalent
if the synthesis algorithm either removes both of them or none of them. As mentioned before, states are removed either because of controllability or blocking
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issues.
As can be seen in Def. 4 in Section 2.4, to consider two states observation
equivalent they should have equivalent paths. If one state has a path, the other
must have a matching path, s1 and s2 in the definition, containing the same shared
events going to equivalent states. In weak synthesis observation equivalence, in
contrast to observation equivalence, the controllability characteristics of events
is important. If an uncontrollable event is going out of one of the states, then the
matching path must only contain uncontrollable events. This condition makes
sure that if one of the states is removed due to controllability issues, the other
one will be also removed because of the controllability problem. For controllable
events, more care must be taken. In the first part of the matching path, before the
controllable event, states reached by controllable local events should be equivalent to the start state of the path, x1 in Def. 4. In addition, in the path of local
events after the controllable event, if a local uncontrollable transition goes out
of the path, it must lead to a state equivalent to a state on the path, and shared
uncontrollable transitions going out of the path must also be possible in the end
state of the path and lead to an equivalent state. These conditions guarantee that
if a marked state is reachable from one of the equivalent states, then from the
other one a marked state can also be reached via a matching path.
The formal definition of weak synthesis observation equivalence can be found
in Def. 22 of Paper 2. After applying weak synthesis observation equivalence in
Paper 3, a map that links the states of the original FSM to the states of the abstracted FSM is generated.
Beside the state merging abstraction, in Paper 2 and Paper 3 halfway synthesis [22] and unsupervisability removal [57] are used, respectively. These abstraction methods identify and remove states of an FSM that synthesis will definitely
remove later, no matter what the behaviour of the rest of the system is. An example of such states are blocking states in an FSM. Halfway synthesis works well in
compositional synthesis. However, it does not identify all the removable states.
Unsupervisability removal on the other hand removes the largest possible set of
states [57]. After applying halfway synthesis, in Paper 2 the result of halfway
synthesis is added to the supervisor set, and in Paper 3 a map is generated that
links all the states of the original FSM to the abstracted state machine, and the
map does not contain the removed states. As mentioned before, the absence of a
state in the map is interpreted as the state being unsafe.
In Paper 3, in addition to all state-based abstractions, synthesis transition removal is used as an abstraction method. Synthesis transition removal is obtained
by restricting the observation equivalence redundant transition removal, defined
in Def. 5 in Section 2.4. Similar to weak synthesis observation equivalence for
uncontrollable events, the local events on the matching path must all be uncontrollable. For controllable events, the local events before the controllable event
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in the matching path should all be uncontrollable and any transition going out of
the path after the controllable event should be τu and should lead to a state on the
path. The formal definition of synthesis transition removal is given in Def. 18 of
Paper 3.

4.4.4 Experimental Results
Both of the compositional synthesis algorithms described above have been implemented in the DES software tool Supremica [46] and applied to several large
and complex industrial models taken from [47–54]. Both algorithms successfully
compute supervisors, even for systems with more than 1017 reachable states,
within a few seconds or minutes.
For most examples, the supervisor maps require less memory than the supervisor FSMs. In the few cases that a state machine-based supervisor uses less
memory compared to the supervisor maps, the supervisor FSMs obtained after
unsupervisability removal as well as the final supervisor have few states. However, the map-based supervisor needs to save all the maps from unsupervisability
removal and weak synthesis observation equivalence. This makes the supervisor
represented as a set of maps larger than the supervisor represented as a set of
FSMs for these systems.
The memory usage to store a supervisor is an important aspect when it comes
to implementing supervisors in memory limited devices like PLCs. As the supervisor map can be stored efficiently, it looks promising for use of supervisory
control theory in industrial settings. More information about the experiments can
be found in Section 7 of Paper 2 and 3.
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Chapter 5
Summary of Included Papers
This chapter provides a brief summary of the papers that are included in the thesis. Full versions of the papers are included in Part II. The papers are reformatted
for uniformity and increase readability.

Paper 1
Mohajerani, Sahar; Malik, Robi; Fabian, Martin. A Framework
for Compositional Nonblocking Verification of Extended Finite-State
Machines. Invited paper to Journal of Discrete Event Dynamic Systems: Theory and Applications, special issue on WODES 2014.
This paper develops a general framework for nonblocking verification of discrete event systems modelled as extended finite-state machines. The extended
finite-state machines of the system communicate both via shared events and
shared variables. To alleviate the state-space explosion problem the algorithm
gradually composes the components and applies conflict equivalence abstraction
on the individual components and partially unfolds variables. The conflict equivalence abstraction methods used in this framework are a generalised form of the
abstraction methods proposed for FSM in [2].
The algorithm has been implemented in Supremica, and has been successfully used to verify several large industrial models. It is shown to outperform two
well-developed existing algorithms, both of which are described in Section 7 of
the paper.
This paper subsumes Paper (m) by considering systems modelled as EFSMs
that do not only communicate via shared variables but also via shared events. In
addition, more experimental results are reported.
My contributions are: Developing the abstraction methods, mathematical
proof of correctness, collecting experimental results, involved in implementation, authoring the paper.
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OF I NCLUDED

PAPERS

Paper 2
Mohajerani, Sahar; Malik, Robi; Fabian, Martin. A Framework
for Compositional Synthesis of Modular Nonblocking Supervisors.
IEEE Transaction on Automatic Control, 59(1):150-162, January
2014.
This paper presents a general framework for compositional supervisor synthesis of discrete event systems modelled as deterministic finite-state machines
(in the paper referred to as finite-state automata). The state-space explosion is
mitigated by the use of state-merging and state-removal based abstractions that
preserve synthesis equivalence. The supervisor calculated in this framework is
a modular, least restrictive, controllable and nonblocking supervisor. The supervisor consists of a set of FSMs that disable controllable events by operating in
synchrony with each other and the plant.
The framework requires all FSMs and their abstractions to be deterministic,
and thus, renaming is used to avoid nondeterminism after abstraction.
The algorithm has been implemented in Supremica and applied to compute
modular supervisors for several large industrial models. It successfully computes
modular supervisors, even for systems with more than 1014 reachable states,
within 30 seconds and using no more than 640 MB of memory.
This paper subsumes Paper (d) and (e), by introducing a general framework
for compositional synthesis, and adding experimental results. The proof of correctness of theorems in this paper can be found in (b).
My contributions are: Developing the abstraction methods, mathematical
proof of correctness, collecting experimental results, involved in implementation, authoring the paper.

Paper 3
Mohajerani, Sahar; Malik, Robi; Fabian, Martin. Compositional
Supervisor Synthesis with State Merging and Transition Removal.
Submitted to Automatica, 2014.
This paper proposes a framework to obtain memory-efficient supervisors for
large discrete event systems modelled as interacting finite-state machines (in
the paper referred to as finite-state automata). The supervisors obtained in this
framework are least restrictive, controllable and nonblocking.
The approach combines state-based abstraction with transition removal abstraction to alleviate the state-space explosion problem. Moreover, hiding and
nondeterminism after abstraction are supported. This becomes possible because
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the supervisor in this framework is a cascaded map that represents the set of safe
states.
The algorithm has been implemented in Supremica and applied to compute
supervisors for several large industrial models. The performance of the algorithm
is compared with the algorithm of Paper 2. For most models the supervisor map
requires less memory compared to the supervisor state machine. This is important when it comes to implementing the supervisor in memory limited devices
like PLCs.
This paper contains ideas from Paper (h). The proof of correctness of the
theorems in the paper are given in (g).
My contributions are: Developing the supervisor map idea together with the
co-authors, collecting experimental results, involved in implementation, authoring the paper.
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Chapter 6
Concluding Remarks
The state-space explosion problem is the main obstacle in analysis of large discrete events systems. In brief, the problem arises when one tries to build the explicit monolithic model of the system. As the state-space of the model grows exponentially with the number of components, explicitly exploring the state-space
of the system fails due to time and memory limitations. However, many systems
are modular which makes it possible to use approaches that exploit the modular
structure of the system. One of these approaches is the compositional approach,
which uses abstraction to reduce complexity of the system before analysis.
The main contribution of this thesis is the compositional approach for verification and synthesis of discrete event systems modelled as FSMs and EFSMs.
The compositional nonblocking verification developed for FSM systems [2]
is extended to consider conflict equivalence based abstractions for EFSMs communicating via both shared variables and shared events. Partial unfolding is introduced, which removes variables gradually to avoid the state-space explosion.
The compositional approach is also used for synthesising a least restrictive,
controllable and nonblocking supervisor. Different kinds of abstractions that are
guaranteed to preserve the final result are presented. These abstraction methods
can considerably reduce the amount of states to examine, saving memory and
time. The final supervisors can be presented as a set of FSMs or as cascaded state
maps. The supervisor FSMs work in synchrony with the plant. In this setting
however, nondeterminism and transition removal abstractions are avoided. The
supervisor map on the other hand, only represents the safe states. This allows
for transition removal abstraction and also nondeterminism after abstraction and
generally more memory-efficient supervisors can be achieved.
All the algorithms have been implemented and applied to several large industrial models. The experiments show that all the systems can be successfully
verified or synthesised by the implemented algorithms and in the case of synthesis, a memory efficient supervisor can be obtained. This is very important for the
practicality of the supervisory control theory.
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Chapter 7
Future Work
The work presented in this thesis develops the compositional approach for verification and synthesis of discrete event systems modelled as deterministic FSM
or EFSM. There are number of directions towards future improvements and extensions.
It would be interesting to investigate the possibility of combining the compositional approach with the symbolic approach. Specifically developing abstraction methods to abstract the BDDs representing the system instead of abstracting
FSMs or EFSMs. This may result in having smaller symbolic representations,
allowing to treat even larger systems.
The compositional approach presented in this thesis is very general and can
be applied to arbitrary systems. While this can be considered an advantage, it is
possible to abstract more if the structure of the system is known. In this case, the
synthesis equivalence and conflict equivalence properties do not need to consider
arbitrary test state machines, it is enough to consider those tests that represent
the actual rest of the system that is considered.
The compositional approach proposed here does not consider unobservable
events in the models. It would be interesting to extend the approach to consider
unobservability and nondeterminism.
For compositional verification, the most natural contribution is controllability
verification of EFSM systems. In addition, it would be interesting to investigate
the possibility of hiding events in an EFSM system even though their updates
are not necessarily true. This allows more abstraction and consequently a more
efficient algorithm.
Further development of the compositional synthesis is needed. In the compositional synthesis, in contrast to the compositional verification, only observation
equivalence based abstraction are used to merge states. It would be interesting
to develop abstraction methods beyond observation equivalence. Moreover, it
would be interesting to generalise the present compositional synthesis algorithms
to support systems modelled as interacting EFSMs.
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[43] Z. Fei, S. Miremadi, K. Åkesson, and B. Lennartson, “Efficient symbolic
supervisor synthesis for extended finite automata,” IEEE Transactions on
Control Systems Technology, vol. 22, no. 6, pp. 2368–2375, Feb. 2014.

54

R EFERENCES

[44] R. Malik, “On the set of certain conflicts of a given language,” in Proceedings of the 7th International Workshop on Discrete Event Systems,
WODES ’04. Reims, France: IFAC, Sep. 2004, pp. 277–282.
[45] R. Malik, D. Streader, and S. Reeves, “Fair testing revisited: A processalgebraic characterisation of conflicts,” in Proceedings of the 2nd International Symposium on Automated Technology for Verification and Analysis,
ATVA 2004, ser. LNCS, F. Wang, Ed., vol. 3299. Taipei, Taiwan: Springer,
Oct.–Nov. 2004, pp. 120–134.
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