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1 Abstract

Synthesis based engineering (SBE) is an approach in which supervisor synthesis is uti-
lized to automatically generate a correct-by-construction supervisor for a cyber-physical
system. The Eclipse Supervisory Control Engineering Toolkit (ESCET™) project devel-
ops a state-of-the-art toolkit supporting the entire SBE workflow mainly through the
CIF language and tools. Rijkswaterstaat (RWS) utilizes SBE and CIF to develop su-
pervisors for complex systems such as waterway locks. However, RWS encountered a
challenge during experimentation with requirement state invariants. After the addition
of such an invariant, the synthesized supervisor did not allow a waterway lock gate to be
opened or closed from certain reachable states in the controlled system. The standard
liveness constructs of CIF proved insufficient to guarantee the ability to open and close a
lock gate from all reachable states. The absence of such guarantees motivated the work
of this thesis to extend CIF with additional liveness capabilities. We researched the state
of the art in supervisory control theory regarding liveness requirements in a literature
study and formulated two possible approaches to guarantee the reachability of multiple
desired states: an algorithmic approach adapting the synthesis algorithm to incorporate
the desired liveness requirements, and a novel model-based approach utilizing existing
CIF constructs and classical Ramadge and Wonham (RW) supervisory control theory
to express the desired liveness requirements. Due to the novelty of the model-based
approach, we proved its correctness using the RW-framework in the context of CIF.
Lastly, we compared both approaches experimentally on a set of 15 benchmark models
which either directly model real cyber-physical systems or are inspired by them. The
experiments clearly show the superiority of the algorithmic approach over the model-
based approach as it is on average 7.6 times faster and uses 1.2 times less memory.
Therefore, the algorithmic approach has been adopted in CIF v10.0 to support liveness
requirements semantically expressing CTL formula AG EF ¢, where ¢ is a predicate
capturing desired states. This feature solves the challenge faced by RWS and strength-
ens the correct-by-construction notion of synthesis by providing more precise conditions
under which a supervisor is considered correct.
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3 Introduction

The increasing complexity and reliability-requirements of modern cyber-physical sys-
tems (CPSs) present significant challenges for ensuring their correctness and safety.
Such systems are crucial in various fields, including semiconductor manufacturing (e.g.,
wafer handlers) [I], medical imaging (e.g., MRI scanners) [2], and infrastructure (e.g.,
waterway locks) [3]. Cyber-physical systems are controlled by supervisory controllers, or
supervisors for short. Such supervisors ensure the safe operation of CPSs by managing
their behavior in response to various inputs and conditions.

Traditional development methods for supervisors, such as manual programming and
testing, face significant challenges to reach the desired levels of reliability. Consider for
example the Algera bridge in Krimpen a/d IJssel (NL), in this case a supervisor needs to
consider 8.4 - 102 possible states to ensure correct operation [4]. Reasoning about such
an enormous state-space is infeasible for human engineers, making manual programming
error-prone. Modern techniques, like model based testing [B], offer improvements, but
they still contain fundamental limitations. Such techniques can only show the presence
of bugs, not their absence. The presence of bugs in cyber-physical systems can have
severe consequences, both on an economic and societal level. Consider for example the
malfunctioning of a wafer handler in a semiconductor manufacturing plant, leading to
production delays and financial losses for the company. Similarly, a failure in an MRI
scanner can put the patient in danger. In infrastructure systems, such as waterway
locks, a malfunctioning supervisor can disrupt transportation and logistics, affecting
the broader economy and could lead to significant safety risks. Therefore, ensuring the
correctness of these systems is crucial for both companies and society.

Synthesis based engineering (SBE) offers a promising solution to reach the desired
level of reliability and additionally speed up the development process of supervisors.
Instead of manually programming a supervisor, SBE enables engineers to specify the
system’s behavior and the desired requirements in a formal manner. In doing so, SBE
moves the focus from how a system should operate, to what the system should achieve.
The first step in SBE is modeling a specification, which is composed of two parts, a plant
model and requirements. A plant model represents all possible behavior of a system,
whereas the requirements specify restrictions. From the specification, a supervisor can
be synthesized and composed with the plant to form the controlled system, in which
the plant’s behavior is restricted to ensure the requirements are obeyed. The controlled
system is guaranteed correct-by-construction, satisfying four properties: safety, control-
lability, non-blockingness, and maximal permissiveness [0]. Safety means the supervisor
will block the system from reaching an unsafe state by restricting transitions or initial
states, where the safety of a state is based on the specification. Controllability ensures
the supervisor will never disable uncontrollable events, when they are enabled in the
specification. Uncontrollable events, as the name suggests, are events that cannot be
directly disabled by the supervisor. For example, a supervisor can control the open-
ing and closing of a waterway lock gate, but it cannot prevent a sensor from detecting
whether a gate is open or closed. Nomn-blockingness guarantees that the system is al-
ways able to reach an “interesting” state, formally known as a marked state. Mazimal
permissiveness, also known as minimal restrictiveness, ensures the supervisor will only
restrict the system when it is strictly necessary to satisfy the other three properties.
Once the specification is complete and the supervisor is synthesized, their combination,
called the controlled system, can be validated for example through simulation. When
the controlled system behaves as desired, the supervisor can be implemented, possibly
using code generation, and deployed on the target CPS.

The Eclipse Supervisory Control Engineering Toolkit (ESCET™) project [7) 8 9]
develops a state-of-the-art toolkit supporting the entire SBE workflow, from modeling



specifications to synthesizing supervisors, validating controlled systems through simula-
tion and more. While the ESCET toolkit offers a rich set of features, in this thesis we
will focus on its SBE capabilities, and specifically the modeling language CIF [10].

The ESCET toolkit is used by Rijkswaterstaat (RWS), the Dutch governmental
organization responsible for the design, construction, management, and maintenance of
the main infrastructure facilities in the Netherlands, to develop supervisor models for,
among other CPSs, waterway locks [3]. RWS uses the synthesized supervisor models
to analyze requirement sets. While experimenting with state requirement invariants,
during the validation of a requirement set using a synthesized supervisor model, RWS
identified reachable states from where a waterway lock gate could no longer be opened
or closed. The standard definition of non-blockingness was insufficient to prevent this
issue, as both the open- and close state are desired to be marked. Consequently, a
marked state was always reachable and thus non-blockingness was satisfied. This issue
sparked interest in extending the liveness specification capabilities of CIF, where liveness
requirements ensure that something “good” can eventually happen. Being able to specify
extended liveness requirements would enable engineers at RWS to incorporate such
requirements in their specifications, preventing similar issues in the future. Furthermore,
such requirements reduce validation efforts as they provide more precise conditions under
which the supervisor is considered correct.

This specific issue highlights a gap in the ability of CIF to handle more sophisticated
liveness specifications. To address this gap, we aim to answer the following research
questions: How can CIF be extended to support liveness requirements that require multi-
ple states to be reachable in the controlled system, while preserving safety, controllability,
non-blockingness, and mazximal permissiveness as they are currently defined?

Before answering this research question we first provide general background infor-
mation on supervisors and synthesis in Sections and respectively. Subsequently,
we introduce supervisor synthesis in CIF specifically (Section . Afterwards, in Sec-
tion [bl we further elaborate on the challenge encountered by RWS that motivated this
research. Then in Section [f] we introduce supervisor sysnthesis, as used in CIF, in a
formal manner. Additionally, we formally introduce the modal logics Linear Temporal
Logic (LTL) [1I] and Computation Tree Logic (CTL) [I2], which are used to express
liveness requirements in this thesis. Having established sufficient background knowl-
edge, we proceed to conduct a literature study in Section [7] to explore existing methods
for specifying and synthesizing liveness requirements in supervisory control theory. We
specifically investigate solutions for the Ramadge and Wonham (RW) framework [6] of
supervisor synthesis, as CIF’s synthesis algorithm is based on this framework. Based on
the findings of this study, we propose two approaches in Section [§]to extend the liveness
specification capabilities of CIF. Both approaches enforce the same desired liveness spec-
ification, but one is algorithmic-based while the other is model-based and can be used
in the classical RW-synthesis framework. The first approach is known as “coloring”,
or “multitasking”. In this method, states can be “colored”, where from all reachable
states of the controlled system, at least one state of each color must be reachable. We
slightly deviate from the original multitasking approach [13] by enabling the “coloring”
of predicates. Meaning a state where such predicate holds must always be reachable.
We denote this method as the “reachability requirement annotation”, or “reachability
annotation” for short. The second approach captures the liveness specifications as re-
quirement automata, fully utilizing classical concepts of RW-synthesis. We will denote
this method as the “reachability requirement automaton”, or “reachability automaton”
for short. To the best of our knowledge, this is the first time such an approach has been
proposed in the context of RW-synthesis. Due to the novelty of this method, we will
provide a formal proof of its correctness in Section [9] In this proof, we establish that
the reachability requirement automaton preserves safety and utilizes controllability and



non-blockingness to minimally restrict the controlled system such that it enforces the
reachability of a desired state. By instantiating the requirement automaton multiple
times, we can enforce the reachability of multiple desired states.

Finally, in Section[I0] we compare both approaches using models which either directly
model real cyber-physical systems or are inspired by them, including the waterway lock
case from RWS. During this comparison, we evaluate the performance and state-space of
both approaches and compare them with each other and with the original specification,
that is, without additional liveness requirements. Based on the experimental results,
we discuss the strengths and weaknesses of both approaches in Section and provide
concluding remarks and directions for future work in Section

4 Background

In this section, we provide the necessary background on the concepts and formalisms of
synthesis based engineering in general and for CIF specifically. Later, in Section [6] we
will introduce concepts in a formal manner as required for the literature study (Section
and proofs in Section [0]

4.1 Supervisors

A supervisory controller (or superviso@ is
a high-level controller which oversees and - -~ - - -~ - __________ .
directs the behavior of a cyber-physical sys-
tem (CPS). Figureshows the typical high-
level structure of a CPS under supervisory
control. A cyber-physical system is in its
physical part composed of mechanical com-

ponents, which are controlled by actuators, “-------f--- - -------opoo-o--- Vo
which are further directed by resource con- [ L o ] o

. Supervisory controller(s) Lo
trollers. Such resource controllers receive L8
commands from the supervisor(s) based on - ----- -} T ______ ;| E%
the environment or based on inputs propa- | 1
gated through a (graphical) interface from : [ Resource controller(s) J :
human operators / larger systems. Con- | f |
versely, mechanical components or the en- [ Actuators J [ Sensors ] 3
vironment provide input to sensors which : T !
communicate them through resource con- | |
trollers to supervisor(s). Supervisors can [ Llsduonter coumel i ] :

decide whether to communicate the sensor
data via a (graphical) interface to human
operators / larger systems or act upon the Figure 1: Structure of a cyber-physical
data by sending commands to resource con- system under supervisory control. This
trollers which cascade down to the mechan- figure is adopted from [9].

ical components.

The role of a supervisor is formulating and directing output based on input from
both mechanical components and from human operators / larger systems. Typically,
a supervisor ensures such output is safe, by responding accordingly to actions received
from sensors or human operators / larger systems which could lead to unsafe states in
the mechanical components.

ITechnically, in a controller a decision is made which operation to execute given the current state
and inputs, whereas a supervisor indicates what decisions are allowed. In this thesis we only consider
supervisors.



The environment in which a supervisor operates is called a plant or uncontrolled sys-
tem. Figure[I]highlights the components of a plant using a dashed line. The composition
of a supervisor with the uncontrolled system is called the controlled system.

4.2 Supervisor Synthesis

Supervisor synthesis [0, [14], or synthesis, is the automated process of constructing a
correct-by-construction supervisor from a formal model of the uncontrolled system and
requirements. The formal models of the plant and requirements combined are called
the specification. Modeling of the specification is typically done using discrete event
systems (DES) [15]. A DES is a formal model which represents a system as a finite set
of states and transitions between those states, where transitions are triggered by discrete
events. Such models reduce complexity of continuous systems by simplifying the system
to discrete changes, making formal reasoning easier.

An extended finite automaton (EFA)
is a formalism to describe a DES which , .— ¢ esdox == x + 1
extends traditional finite automata with
variables, guards, and marked states. An
example of an EFA is shown in Figure
In this EFA, there are two states S; and
Sy, with S7 being the initial state (indi-
cated by the sourceless incoming arrow)
and also a marked state (indicated by the
double circle). A marked state, in the
context of supervisor synthesis, indicates
an “interesting” state where all reachable
states in the controlled system should be able to reach at least one marked state. Edges
between states are labeled with an event name, e, ez, es in this instance, and may
include a guard and an action. A guard is formulated as when <condition>, where
<condition> is a predicate which must hold for the edge to be possible (when 5 < x
< 8 in the example EFA). The guards of edges are omitted when they are always true.
Actions, indicated by the keyword do, are assignments to variables that are performed
when the edge is taken. EFAs offer a convenient way to model specifications utilizing
both discrete states and variables.

Synthesis algorithms may additionally support invariants, which along side EFAs,
help to model the specification conveniently. An invariant is a predicate that must
always hold. Consider for example an invariant with predicate x < 10 for the EFA
depicted in Figure 2] This invariant would limit the number of times the edge labeled
es can be taken to at most 9 times in a row.

Modern supervisor synthesis takes a specification, modeled using EFAs and invari-
ants, as input and produces a correct-by-construction supervisor EFA as output. The
resulting EFA is then composed with the uncontrolled system to form the controlled
system. Due to the composition, edges are disabled that would lead to a safety, or
non-blockingness violation of the requirements. A safety violation occurs when an ac-
tion is taken that leads to violation of requirements. Consider for example again the
EFA depicted in Figure [2] with invariant z < 10. Taking the edge labeled e; when
x = 9 would lead to a safety violation, as the action z := x 4+ 1 would lead to x = 10,
violating the invariant. A non-blockingness violation occurs when it is no longer possi-
ble to reach a marked state from the current state. In the above example EFA, when
eo is performed 8 times in a row, reaching x = 8, no further edges can be taken to
reach the marked state Si, as the guard from e3 (requiring 5 < z < 8) is no longer
satisfiable, hence violating non-blockingness. Controllability is another important prop-

es when b < =z < 8

Figure 2: Example of an extended finite au-
tomaton.



erty of supervisors. Events of the uncontrolled system are divided into two disjoint
sets, namely, controllable and uncontrollable events. As a supervisor cannot restrict
uncontrollable events, it has to restrict earlier controllable edges or make initial states
conditional to prevent safety or non-blockingness violations. Uncontrollable events are
crucial in correctly describing the possible interaction between the supervisor and the
uncontrolled system. For example, sensor interrupts are typically modeled using un-
controllable events, as the supervisor cannot restrict such actions. Lastly, supervisor
algorithms often opt for a mazimal permissive, or otherwise known as minimally restric-
tive, solution. This means that all restrictions imposed by the supervisor are strictly
necessary to ensure safety, non-blockingness, and controllability. The four properties
of synthesis, safety, non-blockingness, controllability, and maximal permissiveness, com-
bined equip engineers with a powerful tool to automatically generate optimal supervisors
from formal specifications.

4.3 Supervisor Synthesis in CIF

CIF, as part of the ESCET toolkit [7], is a language and toolset supporting all steps
of the SBE process [I0]. While CIF includes a rich set of modeling features, we will
focus on the aspects relevant to supervisor synthesis, and more specifically, narrow the
considered concepts to those relevant in this thesis. For a more elaborate introduction
to CIF we refer the reader to [9].

4.3.1 The CIF Language

In this subsection, we provide a brief overview of the syntax and semantics of CIF.

Automata: The core modeling construct in CIF is the extended finite automaton,
syntactically defined to start with the keyword plant or requirement followed by the
name of the automaton. Such an automaton consists of a finite set of locations, edges
between locations, and discrete variables that can hold data. Plant automata are used
to model possible behavior while requirement automata are used to model constraints
on the behavior.

Locations: location is the keyword in CIF to define a location within an automa-
ton. It can be annotated as marked or initial using the keywords marked and initial,
respectively. Furthermore, locations can be referenced by automata as predicate which
evaluates to true when the automaton is in the referenced location.

Marked: The marked keyword indicates that a location is marked. At least one
marked location must always be reachable in the controlled system. When a specifi-
cation is composed of multiple automata (as is generally the case), the specification is
considered marked when all its automata are in marked locations. Thus, all automata
must include a marked state, else the overall specification can never be marked.

Initial: The initial keyword indicates that a location is an initial location. Similarly
to marked locations, a specification is considered to be in an initial state when all its
automata are in one of their respective initial locations. Therefore, all automata must
include an initial state, else the overall specification has no valid initial state.

Transitions: Transitions between locations are defined using the edge keyword. The
edge keywords must include an event, and may include a target location, guard condition,
and variable updates. When no target location is specified, the edge is considered a self-
loop. If no guard is specified, the guard is considered to always hold.

Event: An event is a discrete occurrence that can trigger transitions between loca-
tions. Events can be defined as either controllable or uncontrollable, using the keywords
controllable and uncontrollable, respectively. We will denote an edge controllable if its
event is controllable, and uncontrollable otherwise. The guards of controllable edges can
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be strengthened during synthesis, while the guards of uncontrollable edges must remain
unchanged.

When automata share events they synchronize on those events. This means that all
automata that reference a shared event in one of their edges must take a corresponding
edge when that event occurs. Consequently, an edge with a shared event is only enabled
when all other automata also have an enabled edge, that is, in all automata that reference
the event there must exist an edge with the shared event in its current location and the
guard evaluates to true.

Alphabet: The alphabet of an automaton indicates over which events it synchro-
nizes with other automata that also have the same event in their alphabets. The al-
phabet of an automaton is normally composed of all events referenced by its edges.
However, CIF allows for explicitly specifying the alphabet of an automaton using the
alphabet keyword. When an event is included in the alphabet of an automaton, but not
referenced by any of its edges, it means the event is never enabled. This consequently
globally disables the event.

Target location: The goto keyword is used to specify the target location of an
edge.

Actions: do can be added to an edge to include variable updates that are executed
when the edge is taken. CIF has a local-read/write and global-read principle, meaning
variables can only be updated within the automaton they are defined in, but can be
read by any automaton in the specification.

Guards: The keyword when can be used to specify a condition that must hold for
an edge to be possible/enabled.

Discrete variables: Synthesis requires all variables to have a discrete domain,
meaning they can only take values from a finite set. This property is required to ensure
that the state-space of the system is finite. The types of variables supported for synthesis
are booleans, enumerations, and bounded integers. A discrete variable declaration starts
with the keyword disc followed by the variables’s type, name, and (optionally) possible
initial values.

Algebraic variables: Algebraic variables are variables whose values are determined
by algebraic equations rather than discrete assignments. Such variables are defined
similarly to discrete variables, but instead of the keyword disc, the keyword alg is used
and instead of an initial value, an expression is provided.

State/event exclusion invariants: State/event exclusion invariants can be spec-
ified in CIF in two forms:

e invariant <event> needs <predicate>, this invariant form enforces that the
specified event can only occur when the given predicate holds.

e invariant <predicate> disables <event>, this invariant form enforces that
the specified event cannot occur when the given predicate holds.

State/event exclusion invariants can be used to model a plant or requirements, prefixing
an invariant with plant and requirement respectively.

State invariants: State invariants can be specified in CIF using the syntax:
invariant <predicate>. State invariants can be used to specify a condition that must
always hold. Similar to state/event exclusion invariants, state invariants are prefixed
with plant or requirement to denote to which part of the specification it belongs.

Automata definitions: Automata definitions can be defined using the following
syntax: plant/requirement <name> (parameters#*): This feature allows for parame-
terized automata, enabling the reuse of automaton definitions with different arguments.

Instantiation: To create instances of plant or requirement automata definitions,
the following syntax is used: <name>:<definition-name>(arguments*).

11
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Grouping: CIF supports grouping of plant and requirement automata using the
group keyword. This allows for more structural modeling of the specification by orga-
nizing related concepts together.

The listed concepts combined allow for convenient modeling of a specification. All
automata and invariants are either part of the plant or part of the requirements, denoted
with plant and requirement, respectively. Possible behavior of the plant can be modeled
using automata and invariants. Restrictions on the plant can be similarly modeled us-
ing requirement automata and invariants. Plant state invariants can be used to indicate
conditions that per definition always hold in the plant, while requirement state invari-
ants indicate conditions that must always hold in the controlled system. State/event
exclusion invariants can be used to indicate the possibility, in the case of a plant, or the
desirability, in the case of requirements, of events occurring under certain conditions.

Recall the EFA depicted in Figure 2] The CIF equivalent is shown in Listing [I]
For the purpose of this example the EFA is assumed to be a plant and e; and ey are
controllable events (line 2), while es is uncontrollable (line 3). Similarly, for illustrative
purposes, we assume the invariant < 10 is a requirement invariant (line 17). In
the subsequent subsection, we will elaborate on how this specification is used in CIF’s
supervisor synthesis.

4.3.2 Supervisor Synthesis Process in CIF

In this subsection, we discuss the supervisor synthesis process in CIF. An overview of
this process is shown in Figure [3| In the following paragraphs, we will explain each of
the steps depicted in the figure. The explanation of each step includes a description
of how the step applies to the running example depicted in Listing [l Notably, not all
preprocessing steps are relevant for this specific example. But, we will further elaborate
on important steps, for the scope of this thesis, in the preliminaries (Section @

plant P:
controllable el, e2;
uncontrollable e3;

disc int[0..15] x

1]
o

location S_1:
initial;
marked;
edge el do x

0 goto S_2;

location S_2:
edge e2 do x x + 1;
edge e3 when 5 < x and x < 8 goto S_1;

end

requirement invariant P.x < 10;

Listing 1: CIF representation of the EFA from Figure [2]
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J "\ Perform supervisor
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Create output
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Controlled system
(CIF model)

Figure 3: Internal steps in CIF’s symbolic supervisor synthesis tool. This figure is
originally from [9].

Plants and requirements: The synthesis process starts with a CIF specification
consisting of plant and requirement automata (EFAs) and invariants. CIF is a powerful
and feature rich language, which simplifies development but complicates the synthesis
algorithm. Consequently, the first two steps are to reduce the model’s complexity by
translating the specification first into a core CIF model and afterwards into a plantified
CIF model.

In this step the model depicted in Listing [1] is the starting point for the synthesis
process.

Eliminate extended concepts: This transformation involves inlining constants
and algebraic variables, removing groups, combining imports, instantiating parameter-
ized components, and grouping definitions.

As the running example in Listing [I] does not use any of these extended concepts,
the model remains unchanged in this step.

Plantify requirement automata: In this step, the concept of requirement au-
tomata is eliminated by restructuring them as plants and translating the restrictions
they impose to invariants.

In the running example, there are no requirement automata present, so the model
remains unchanged in this step as well.

Perform linearization: The next step is to convert the core CIF model into a
linearized CIF model. This transformation flattens the hierarchical structure of the
automata by creating a single automaton that captures the combined behavior of all
automata in the specification. The new structure makes it more suitable to convert to
a symbolic extended finite automaton (SEFA) in the next step. Both linearization and
the conversion to a SEFA will be explained in more (formal) detail in the preliminaries

(Section [6]).
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er whenp=S1dop:=8y, Px:=0
es when p= Sy dop:= 95y, Prx:=Px+1
ez whenp =S A (5 < Pax <8)dop:=5;

requirement invariant P.x < 10;

Figure 4: Linearized CIF model of the running example from Listing [I}

Figure [ shows the linearized CIF model as EFA of the running example from List-
ing The variable p is introduced to replace the location information of the original
model to maintain its behavior.

Convert to SEFA: The linearized CIF model is then translated into a symbolic
extended finite automaton (SEFA) representation. This conversion allows developers
to model the specification conveniently using EFAs but take advantage of the efficient
symbolic synthesis algorithm that operates on SEFAs. During this transformation, a
forbidden state predicate is constructed based on the invariants present in the linearized
CIF model.

The resulting SEFA of the running example is similar to the linearized CIF model
shown in Figure [4] except that the only remaining location is omitted, and thus the
state is fully captured using variables. Additionally, the invariant P.x < 10 is translated
into a forbidden state predicate P.x > 10. Furthermore, the domain of variable P.x is
{0,...,15} which contributes to the forbidden state predicate as well: P.x > 10V P.x <
0V Px > 15.

Perform supervisor synthesis: The symbolic supervisor synthesis algorithm of
CIF is applied to the SEFA representation of the specification. During synthesis, the
guards of controllable transitions and initial state predicates are strengthened to ensure
that the resulting supervisor is safe, controllable, non-blocking, and maximally permis-
sive. This approach of supervisor synthesis is based on [I6] and further detailed in
[@.

The first step of synthesis applied on the SEFA of the running example results in
strengthening the guard of edge ez to (p = S2) A (P.x < 9) A (P.x < 15), due to the
forbidden state predicate. This is simplified to (p = S2) A (P.x < 9). Afterwards, the
synthesis algorithm observes that edge es can lead to a blocking state when P.x >= 17, as
the marked state S; can then no longer be reached. To prevent this blocking situation,
the guard of edge es is further strengthened to (p = S2) A (Px < 9) A (Px < 7).
Which simplifies to (p = S2) A (P.x < 7). The guard can be even further simplified to
(p = S2) N (P.x # 7), as the edge over ey increases the value of P.z by 1. This concludes
the synthesis step for the running example.

Create output CIF model: Finally, the synthesized SEFA is translated back into
a CIF model. This model can then be further analyzed, simulated, or exported to use
in other analytic tools.

The resulting CIF model of the running example, including the synthesized supervi-
sor, is shown in Listing |2l The transition using e; remains unrestricted, while the guard
of transition ey is strengthened to P.x # 7, to prevent reaching a blocking state. The
addition of (p = S3) to the guard is omitted, as this is now captured again through the
location of the automaton. es is notably not present in the alphabet of the supervisor,
as it is an uncontrollable event.
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1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21

plant automaton P:
controllable el, e2;
uncontrollable e3;
disc int[0..15] x = O;
location S_1:

initial;

marked;

edge el do x := 0 goto S_2;
location S_2:

edge e2 do x := x + 1;

edge e3 when 5 < x and x < 8 goto S_1;
end
supervisor automaton sup:
alphabet P.el, P.e2;
location:
initial;
marked;
edge P.el when true;
edge P.e2 when P.x != 7;
end
supervisor invariant P.x < 10;

Listing 2: CIF representation of the EFA from Figure [2| along with its synthesized
supervisor.

5 DMotivating Case Study

In this section, we introduce a challenge encountered at Rijkswaterstaat (RWS) during
experimentation with requirements for a waterway lock. This challenge provided the
initial motivation for this thesis. We will refer back to it in later sections to illustrate
the practical relevance of our results. We first provide background information on the
waterway lock specification. Subsequently, we describe the specific challenge faced by
RWS engineers.

5.1 Generic Waterway Lock Model

RWS develops CIF models for various types of waterway locks, which are all based
on a generic waterway lock model. This generic model describes the possible behavior
of the main components of a waterway lock, such as sluice gates, acoustic signaling,
navigational lights, and sensors. Additionally, the model includes an extensive set of
requirements which ensure the controlled system adheres to safety and operational pro-
tocols. Furthermore, the model is designed to be modular, allowing for easy adaptation
to different types of waterway locks by adding or removing components as needed. This
process is even more simplified through the use of a configuration GUI developed by
RWS, which allows engineers to tailor the generic model to specific lock types without
needing to modify the underlying CIF code directly.

5.2 Limitations of Non-blockingness

During experimentation with new requirement state invariants for the generic waterway
lock model, RWS engineers encountered a case where the controlled system could reach
one or more states from which a waterway lock gate could no longer be opened or closed.
The challenge started with the introduction of the following requirement state invariant:
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1
2
3

requirement invariant not
(GenericLock.UpperHead.DoorNamel.Actuator.open and
GenericLock.LowerHead.DoorNamel.Sensor.opened);

This code snippet specifies that the actuator responsible for opening the upper sluice
gate and the sensor indicating whether the lower sluice gate is opened should never both
be active simultaneously. The intention behind this requirement is to prevent a situation
where both sluice gates are open at the same time, which could lead to unsafe conditions.

However, after incorporating this requirement into the generic waterway lock model,
RWS engineers observed during validation that the controlled system could reach states
in which it was no longer possible to open a lock gate. This behavior was later confirmed
through model checking using p-calculus [I7] in mCRL2 [18].

In CIF, non-blockingness is defined such that at least one marked state should always
be reachable in the controlled system. However, in the context of the waterway lock
system, this definition proves insufficient. In this case, both a lock gate being open and
a lock gate being closed are desired marked states, so it is possible that one of these
states is not always reachable in the controlled system (as synthesis only guarantees that
a marked state is reachable, not that they are all reachable). This limitation increases
the effort required during validation. Engineers must verify, preferably using model
checking, or otherwise through simulation, whether all of their desired states are indeed
always reachable in the controlled system. More fundamentally, it weakens the correct-
by-construction guarantee of supervisory control theory, as engineers cannot fully rely
on the controlled system to capture all desired behaviors. Intuitively, it would be more
convenient to express such requirements as liveness requirements, stating that certain
desired states (such as an open or closed lock gate) must always remain reachable in
the controlled system. When this is not possible, synthesis should result in an empty
supervisor, indicating that the liveness requirements are too strict to be satisfied given
the plant and other requirements.

This case study at RWS raises the following central research question for this thesis:
How can CIF be extended to support liveness requirements that require multiple states
to be reachable in the controlled system, while preserving safety, controllability, non-
blockingness, and maximal permissiveness as they are currently defined?

Based on the gaps and solutions identified in the literature (Section , we refine the
central question into more specific research questions in Section |7.9

6 Preliminaries

In this section, we introduce the formal foundations necessary to understand the liter-
ature study and the contributions of this thesis. We first, in Section establish a
notational convention used throughout this thesis. Afterwards, in Section we es-
tablish the main formalism used in CIF, EFA [19] and SEFA [9]. Subsequently, in the
same subsection, we define key concepts for (S)EFAs such as transition relations, lan-
guages, runs, parallel composition, and the transformation from EFA to SEFA. Then,
in Section [6-3] we define supervisory control theory concepts such as controllability,
non-blockingness, safety, and maximal permissiveness. Additionally, we define the con-
struction of a supervisor in CIF based on the SCT framework of Ramadge and Wonham
[6]. Finally, in Section we provide a brief overview of Linear Temporal Logic (LTL)
and Computation Tree Logic (CTL), which are highly relevant concepts in the literature
study (Section [7]) and subsequent sections.
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6.1 Element References

To distinguish elements of different tuples, we denote an element E of tuple T as Er,
where the subscript T" indicates the tuple to which F belongs. For elements that already
include subscripts, we separate the element’s subscript from the tuple reference with a
comma. For example, we denote element py of tuple X as py x. The tuple reference
subscript is omitted when it clearly follows from the context.

6.2 Syntax and Semantics of (S)EFAs
6.2.1 Extended Finite Automaton

As described in Section CIF primarily uses Eztended Finite Automata (EFAs) [19]
to model system behavior. Intuitively, an EFA extends a classical finite automaton with
variables, guards, updates, and in CIF’s case also error predicates, allowing both discrete
control logic and finite data to be modeled in a single formalism. In the remainder of
this thesis, we rely on a precise definition of EFAs in order to formalize concepts such
as runs, languages, composition, and supervisory control properties.

Definition 6.1 (Extended Finite Automaton). An Extended Finite Automaton
(EFA) is formally defined as a 7-tuple (Q,V, D, X, E, po, pm) where:

e (Q: A finite set of locations. The set of locations is not equal to the set of all states,
as states also include variable valuations, see the definition of all possible states
X below. Each ¢ € @ can be used in boolean proposition to identify locations.

e V: A finite set of variables.
e D: For each variable v € V| D, defines its finite domain of possible values.

e X: Denotes the set of possible states, where each state is a combination of a current
location and a current value for each variable, X := Q x D1 X Dy x ... D,,. A single
state x € X is a tuple which includes a location ¢ € () and for each variable v; a
single value from D,,. The projection z[Q] outputs the corresponding location of
x. Similarly, the projection z[v;] outputs the value of v; given state x.

e X: A finite set of events (the alphabet), partitioned into two disjoint sets: X for
controllable events and X, for uncontrollable events, i.e., 3 := X .UX,,, X.NX, = 0.

e E: A finite set of edges (transition relations), partitioned into E. (edges for events
in ¥.) and E, (edges for events in ¥,). Each edge is a 6-tuple (q,9,7,0,u,q’),
where:

1. ¢: The source location, g € @), which is the location from where the transition
is taken.

2. g: Guard predicate over states in X, indicating the states for which the edge
is enabled (i.e., a transition is possible).

3. r: Error predicate over X, specifying states such that the update u would
result in values for variables v; outside their range D,,,.

4. o: Event from X associated with the edge.

5. u: Update predicate over QUV™*, where V* := VUV T is composed of old and
new variables, V and V¥ respectively. u can reference the current location
q as boolean in its predicate but it will not have an influence over the target
location ¢'. Counterpart variables, v™, denote the post-transition values.

6. ¢': The target location, ¢’ € @, to which is transitioned.

17



e po: Predicate over X representing the initial states, with X°:={z € X |z E po }
denoting the corresponding set of initial states.

® p.,: Predicate over X representing the marked states, with X™ :={z e X |z E
Pm } denoting the corresponding set of marked states.

6.2.2 Symbolic Extended Finite Automaton

A symbolic extended finite automaton (SEFA), as described by [9], is similar to an EFA
but locations are represented by location pointer variables, such that all state is in the
variables. By doing so, SEFAs enable a symbolic state-space representation that makes
synthesis more efficient and more scalable [9].

Definition 6.2 (Symbolic Extended Finite Automaton). A Symbolic Extended Fi-
nite Automaton (SEFA) is formally defined as a 6-tuple (V, D, X, E, po, pm ), where:

e V: A finite set of variables.
e D: For each variable v € V| D, defines its finite domain of possible values.

e X: Denotes the set of all possible states, where each state is a tuple representing
a possible variable valuation, X := Dy X Dy X ...D,,. A single state x € X is
a tuple which associates each variable v; with a single value from D,,, where the
projection z[v;] outputs the corresponding value of v; given state x.

e X: A finite set of events (the alphabet), partitioned into two disjoint sets: X for
controllable events and X, for uncontrollable events, i.e., ¥ := X .UX,,, .NX, = 0.

e FE: A finite set of edges (transition relations), partitioned into E. (edges for events
in ¥.) and F, (edges for events in 3,). Each edge is a 4-tuple (g,r, o, u), where:

1. g: Guard predicate over states in X, indicating the states for which the edge
is enabled (i.e., a transition is possible).

2. r: Error predicate over X, specifying states such that the update u would
result in values for variables v; outside their range D,,,.

3. o: Event from X associated with the edge.

4. w: Update predicate over V* := V U V™, where V* is composed of the old
and new state variables, V and V' respectively. Counterpart variables, v,
denote the post-transition values.

e po: Predicate over X representing the initial states, with X :={x € X |2 = po }
denoting the corresponding set of initial states.

e p,,: Predicate over X representing the marked states, with X™ :={z e X |z |=
Pm } denoting the corresponding set of marked states.
6.2.3 Transition Relations

In the next two subsections we define the transition relations for both EFAs and SE-
FAs, as well as the extension of the transition relation to words. Such relations are
fundamental to defining languages, runs, and other key concepts for (S)EFAs.
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6.2.4 EFA Transition Relation

Consider an EFA, any states ,2’ € X and an event 0 € X, we write © = 2’ if there
exists an edge (¢,9,7,0,u,q") € E such that:

1. = | g (the source location matches).

2. z = ¢ (the guard condition holds).

e

x [~ r (the error condition does not hold).

4. 2’ = u(z) (the update predicate u applied to z yields 2/, where u(x) denotes the
predicate u with each variable v replaced by its value in  and each v* interpreted
as the new value in z/).

5. 2’ = ¢ (the target location matches).

6.2.5 SEFA Transition Relation

Consider a SEFA, any states z,2’ € X and an event 0 € X, we write © - 2’ if there
exists an edge (g,7,0,u) € E such that:

1. z = ¢ (the guard condition holds).
2. z & r (the error condition does not hold).

3. 2’ = u(x) (the update predicate u applied to x yields a’, where u(z) denotes the
predicate v with each variable v replaced by its value in  and each v interpreted
as the new value in ).

6.2.6 Transition Relation Over Words

Definition 6.3 (Transition relation over words). We extend the transition relation —
of a (S)EFA to include words w € ¥* as follows:

1. For the empty word, w = €, we define z = &’ iff z = .

2. For any word w = ow’, where 0 € ¥ and w’ € ¥*, we define z —» 2/ iff 32" € X

such that z < 2" and 2" 25 2.

6.2.7 Language

The language of a (S)EFA captures all possible sequences of events (words) that such an
automaton can generate starting from an initial state. This concept is fundamental in su-
pervisory control theory, as all four properties (safety, controllability, non-blockingness,
and maximally permissiveness) of supervisory control are traditionally defined in terms
of languages. Please note that the language defined here includes all possible words, not
just the marked words (which are defined in the next subsection).

Definition 6.4 (Language). The language of a (S)EFA M, denoted as L(M), is the
set of all possible words of M: L(M):={w € ¥* | Irg € X, 2’ € X :x9 = '}
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6.2.8 Marked language

The marked language of a (S)EFA captures all possible words that start from an initial
state and end in a marked state. The marked language is an important notion in the
definition of non-blockingness (Deﬁnition, as it is used to identify states from where
a marked state can be reached.

Definition 6.5 (Marked language). The marked language of a (S)EFA M, denoted
as L, (M), is the set of all marked words M: L,,(M) := {w € ¥* | 29 € X°, 2,, €
X" 2o 2 )

6.2.9 Runs

The notion of runs captures the sequences of states that a (S)EFA traverses when
processing words from the provided language. It is useful for reasoning about the states
visited given a (S)EFA and a language.

Definition 6.6 (Runs). Runs is a function which takes a (S)EFA M and a language
L C ¥* as input, and outputs a set containing a sequence of states for each word in L:
Runs(M, L) :={xo,21,...,2x € Xpr | w = 0102...0y € L} (where k > 0), such that:

1. 0 = po,

2. Foreachi=0,1,...,k—1, z; 211—).%1'_)'_1.
Each sequence (zg,x1,...,25) in Runs(M, L) is referred to as a run of M over its

corresponding word w. The i-th state in a run r is obtained by projection, r[i] = ;.

6.2.10 States

States is a function that extracts all states from a set of runs. This function is useful
for reasoning about the collection of states that are visited in a set of runs.

Definition 6.7 (States). States is a function which takes a set of state sequences,
denoted runs, as input and outputs a set containing all states referenced in runs:
States(runs) := { run[i] | run € runs, 0 <1i < |run| }.

6.2.11 Total

The totality property ensures that from every state in a (S)EFA, there is at least one
possible transition. This is a key property required for extending runs indefinitely.

Definition 6.8 (Total). We define a (S)EFA M to be total if there exists an enabled
outgoing transition for every state. Formally, M is total iff:

Vee X, 3 e X, JoeX: x5

6.2.12 Closure

The notion of closure captures all prefixes of words in a given set of words. This concept
is useful in supervisory control theory (Section , specifically in the definition of non-
blockingness (Definition [6.21]).

Definition 6.9 (Closure). Consider a set of words W over ¥*, such that W C X*.
The closure of W, denoted as W, is the set of all prefixes of words in W. Formally,
W ={pe¥*|3tecX*ptc W}, as defined in [6].
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6.2.13 Parallel Composition

In CIF, the following definition is used for parallel composition, also known as full syn-
chronous composition. The definition is given for two EFAs but can be applied repeatedly
to create the parallel composition of any number of EFAs. This definition stems from
[19], but is slightly adjusted to align with the definition of EFAs in CIF, as described
in [9]. Parallel composition enables the modeling of specifications conveniently using
multiple EFAs.

Definition 6.10 (Parallel Composition). Consider EFAs M and N represented as tu-
ples, sharing the same variable domain, Vj; = Vy and Dj; = Dy . Consider the parallel
composition P, such that P := M || N where:

Qp :=Qu X Qun (product of location sets),
Ypi=YnyUXN (union of event sets),
Po,P = Po,M N\ Do, N (conjunction of initial states),

Dm.P = Dm.M AN Pm.N (conjunction of marked states),
The transition relation Ep is defined as follows:
1. Shared events o € X ; N X N:
((gmyan ), 059,150, (4, Oy) € Ep iff

L4 (QAfao—agM7TM7UM7q5\4) GEM?
L (QN7UagN7rNauNaq§\/') EEN?

e g =gum A gn (combined guard),

r =rp Vry (combined error predicate),

the combined update u is given by

upr(v)  if upsr(v) = un(v)
up(v)  if uy(v) =Z (“don’t care”)
u(v) =
uny(v) fupyw)=2
v otherwise (conflicting updates)

—_

Where the “don’t care”, =, means the variable is not updated, i.e., implicitly,
+ —
vt =w.

2. Events unique to M, i.e., 0 € Xy \ Xp:
q]\/f7qN 7U7g7u7 QJLI7QN Pi QM70797U7QM M-
(( ) (¢hs>an)) € Ep iff M) €E

3. Events unique to N, i.e., 0 € Xy \ Xps:
((grr,an), 0, 9,u, (a1, qy)) € Ep iff (qn,0,9,u,qy) € Ex.

6.2.14 Action Consistency

Action consistency is a condition that guarantees deterministic variable update behavior
of the composed system by ensuring that shared events do not cause conflicting updates
to variables.

Definition 6.11 (Action Consistency). Two EFAs M and N are action consistent if for

every pair of transitions (gar, o, gam,Tar, s, qyy) € Evm and  (qn, 0, 9N, TN, UN, Q)
€ En with the same event o € X3y N X, and for all valuations x € X such that gps(x)
and gy (x) both evaluate to true, we have for each variable v; € V:
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° ’U,M(’Uz) = UN(Ui)7 or

(1]

e up(v;) =2, or

(1

o uy(v) =

All specifications are from now on assumed to be action consistent, as CIF only
allows specifying action-consistent specifications due to the global-read and local-write

property (Section .

6.2.15 EFA to SEFA Transformation

In CIF, synthesis is performed exclusively on SEFAs. A SEFA encodes system behavior
as variables, enabling a symbolic state-space representation that makes synthesis more
efficient and scalable [9]. However, EFAs offer a more intuitive design process [20] due
to their explicit locations. To combine the modeling convenience of EFAs with the
efficiency of SEFAs, a transformation from EFA to SEFA is applied before synthesis.

Conceptually, the only structural difference between an EFA and a SEFA is that
an EFA contains locations explicitly, while a SEFA represents them as variables. Each
location variable, called a location pointer, evaluates to a location of @), where @ is
the set of locations of the original EFA. This symbolic encoding allows all location
information to be manipulated through variable updates.

For systems defined as a parallel composition of multiple EFAs, one location pointer
variable is introduced for each component, enabling design of the specification using
multiple EFAs.

The first step in transforming an EFA into a SEFA is called linearization. Lineariza-
tion is a transformation from an (parallel composed) EFA £ to an EFA &', where &’
contains only one location and all location information of £ is captured through vari-
ables.

Definition 6.12 (Linearization). Consider EFA &£ := & ||&;]| ... ||€, and the reference
to a parallel component of £, &; (1 <i <n). Then, linearization of EFA £ to EFA &’
is defined as follows:

e Qg :={q}, a single location after transformation.

o Ve := Ve U{vy,v9,...,0,}, a location pointer variable v; is introduced for each
component &;.

e D¢/ : For each variable v € Vgr, D¢/, defines its domain. For a location pointer
variable v;, its domain is equal to the set of locations of its original EFA: D¢/ ,,, =

Qs, -

o Xg:=XgxDgry x...xDgs, , the possible variable valuations of each location
pointer variable are combined with the set of possible states of £. Note that Xg-
does not include Qg¢/, as only a single location remains after linearization and
therefore the location set becomes redundant in describing the current state.

o Yo := Y. The alphabet is maintained.

L4 ES’ = {(qagara g, U,q) | ((Qh qz, ... 7Qn)ag:‘:arf70a ug, (qlla ql2a cee 7@2)) S ES} Then
the edge transformation is defined as follows:

1. All edges transition from and to the only location remaining.

n
2. g:=ge AN N\ v; = q;- The guard now includes location pointer variables.
i=1
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3. r :=rg. Location pointer variables do not contribute to error predicates as,
by definition, they may only be updated as described in uw. This update never
assigns a value outside a location pointer’s range as, by definition, ¢; € Q,,.

n
4. ui=ug AN v;r = ¢}, the location pointer variable is updated to represent

=1
the original transition.

® Do ¢ becomes the predicate over X¢/ such that pg e/ <= po.e.
® D¢ becomes the predicate over X¢/ such that pp, g0 <= pme.

Linearization maintains the language and marked language of the transformed EFA,
as the transformation is purely structural.

We define the transformation from a linearized EFA to a SEFA as follows:

Definition 6.13 (EFA to SEFA transformation). Consider a function ToSEFA which
takes an EFA FE as input and outputs a SEFA S. Consider the linearized EFA of F,
given Definition E. Then ToSEFA(E) = S is defined as follows: £ = S, where
(Ve, De,Xe, Eg,pog,Pme) = (Vs, Ds, s, Es, P05, Pm.s)-

The only difference between the linearized EFA £ and result S, is the exclusion
of location set QQg. This set can be omitted without any influence on the (marked)
language.

6.2.16 Concatenation

Concatenation is an operation that combines two words into a single word by appending
one after the other. This operation is useful when reasoning about combined sequences
of events in languages.

Definition 6.14 (Concatenation). Consider an alphabet ¥, the concatenation operation
(+) on words over ¥ is defined as follows. Consider sequences of events v and v, such that
(ug,ug, ..., uy), (V1,V2,...,0m) € X*. Then u - v is defined as uy, ug, ..., Up, V1,2, ...,
U Note that by definition € - v = v and w - € = u. We write uv as shorthand for u - v.

6.2.17 Projection

Projection is an operation that removes certain symbols from words in a language,
effectively filtering the language to a smaller alphabet. This operation is useful when
reasoning about languages over different alphabets.

Definition 6.15 (Projection). Consider alphabets ¥ and ¥’ such that ¥’ is a strict
subset of ¥, i.e., ¥’ C ¥. Then Proj is the projection function which takes a language
L over ¥ as input, L C X*, and outputs the language L’ over ¥/, L' C ¥'*, such that
all symbols not in X/ are replaced by the empty string e for all words in L. We refer to
the output alphabet of Proj using subscript, Projs, in this instance. Formally, Proj is
defined by: Projs, : ¥* — X'* where

Projs,(e) i=¢
e ifeed
Projs.(e) :=
e () {5 itegs
Projs, (se) := Projs,(s) - Projs,(e) forse X", e X
We extend the definition of projection to languages L by applying it on all words:
Projs, (L) := {Projs,(w) | w € L}.
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This definition of projection stems from [21]. Note that by the definition of concate-
nation words such as ette € £* and ete € ¥"* become equivalent after projecting
away t: Projs, (ette) = Projs.(ete) = ee where t € ¥'. We will say “project away ¢ from
¥"*” to denote Projy(X'), where X := 3"\ {t}.

6.2.18 Simulation Relation

Simulation relation is a relation between two (S)EFAs that captures the idea of one
automaton being able to mimic the behavior of another. This concept is useful for
reasoning about the equivalence or mimicking capabilities of different (S)EFAs.

Definition 6.16 (Simulation relation, inspired by [22, Section 7.47]). Consider (S)EFAs
M and M such that X3y C Xj+. A relation Sim C X x X+ is called a simulation
relation from M to M if for all (x5, 2+ ) € Sim and for all possible transitions x5, -~
o', there exists a transition xp;+ 2> x4 such that (2, ,,) € Sim. Furthermore,
if a predicate ¢ over the state of M is satisfied by the current state of M, it should
also be satisfied in M*: V(zpr,xp+) € Sim 2 oy E ¢ = xy+ E ¢. If such a
relation S exists and it also holds for all initial states: Vaoa € X, : Jz p+ € XRH :
(w0, a1, To,pm+) € Sim, we say that M is simulated by M, written as M < M.

6.3 Supervisory Control Theory

In this section we formalize key concepts from Supervisory Control Theory (SCT) [6l
9], as they are defined in CIF. Recall the synthesis process outlined in Section m
We will describe plantification, conversion to SEFA, the four properties of supervisor
synthesis (safety, controllability, non-blockingness, and maximal permissiveness), and
the symbolic synthesis algorithm itself in more detail below. These concepts are essential
for understanding the literature study (Section [7]) and the contributions of this thesis.
For a more complete explanation of synthesis we refer the reader to [9].

6.3.1 Plantification

A process called “plantification” is used to reduce the number of concepts to consider
during synthesis by converting requirement automata to plants. The concept of require-
ment automata is eliminated by relabeling them as plants and translating the restric-
tions they impose to invariants. To avoid imposing restrictions in the transformed plant
model, a self-loop is added for every event (o) in the requirement’s alphabet across all
locations. If existing edges for an event already exist, the new self-loop includes a guard
(¢’) that negates the disjunction of those edges’ guards (g), thus ¢’ := —g. This ensures
there is always a possible transition for every event in the requirement’s alphabet, and
thus the plantified requirement doesn’t block the event in synchronization with other
automata. Additionally, to preserve the original restrictions, a state/event exclusion
invariant o needs g’ is introduced for each added self-loop.

For example, consider event e and two edges, with guards ¢g; and g2, in location
. A self-loop is created with guard —(g; V ¢g2). Additionally, a state/event exclusion
requirement invariant is generated that states e needs (g1 V g2). This invariant ensures
the added self-loop is never actually enabled, as =(g1 V g2) A (g1 V g2) never holds, and
thus the restrictions are maintained.

6.3.2 Conversion to SEFA

The final transformation before synthesis is the conversion of the core CIF model, mod-
eled as EFA, into a SEFA to enable symbolic synthesis. First, the core CIF model
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is linearized (Definition , restructuring it into a single location where all original
location information is captured using variables.

Afterwards, the linearized EFA is transformed into a SEFA (Definition [6.13). A
crucial part of this transformation, with respect to the safe language (Definition|6.19)), is
the construction of the forbidden state predicate py. The construction of py is described
in Definition [6.17 below.

Definition 6.17 (Forbidden state predicate). Consider an EFA M, then p; denotes
the forbidden state predicate [9] which is computed during the transformation of M to
a SEFA (Definition [6.13]) as follows:

1. Compute p, as the conjunction of all restrictions imposed by requirement invari-
ants.

2. Initialize the forbidden state predicate p; as the negation of p,: py := —p,.

3. For every integer variable z, with a defined range [z, 2™%%], an implicit state

requirement invariant T,gnge := 2™ < g Az < 2™ is added. This implicit
invariant contributes to the forbidden state predicate: ps := pf V = Zrange-

4. For every uncontrollable event, o € ¥,,, and every edge (g, r, o, u) with state/event
exclusion requirement o needs p, identify the states b where the edge’s guard ¢
holds but p does not: b := g A =p. States b are considered non-controllable as
synthesis cannot prevent enabled uncontrollable transitions. Therefore, b is added
to the forbidden states: ps := ps V b, concluding the construction of p¢.

6.3.3 Symbolic Synthesis Algorithm

Once all preprocessing steps on the specification are completed (recall Figure , the
symbolic synthesis algorithm of CIF can be applied to generate a supervisor. The
steps of this algorithm are outlined in Algorithm [I| below. It starts with a specification
SEFA M and its forbidden state predicate p; (Definition as input. The output
is a controlled system SEFA S that is safe, controllable, non-blocking, and maximally
permissive with respect to M. S is computed by first (step 1) initializing the set
of controllable states C' as all states that are not forbidden (—py). This step ensures
the controlled system will be safe, as all forbidden states are excluded from C. Next,
the algorithm enters a loop (steps 2-8) that iteratively refiness C' until a fixed point
is reached, ensuring S is controllable and non-blocking. This loop starts by storing
the current set of controllable states in C’ (step 3). Then, it performs a backward
reachability search (BRS, Algorithm from the marked states (p,,) to identify all states
that can reach a marked state in C' (step 4). Next, a backward reachability search is
performed from the non-controllable states (—C') using only uncontrollable edges (E,)
to find all states in C' that can reach an unsafe or blocking state uncontrollably (step
5). Subsequently, these states are removed from C (step 6). In the last step of the loop
(step 7), an optional forward reachability search (F'RS, similar to BRS but forward)
is performed from the initial states (pg) to ensure all states in C' are reachable from the
initial states. This step is optional as it can influence synthesis performance positively
or negatively depending on the resulting predicate sizes for C' and also on the predicates
manipulated during synthesis, which can be smaller or larger. This in turn affects the
performance of the BRS computations in the next iteration(s). After reaching a fixed
point (C' = C’, step 8), the algorithm proceeds to update the guards of controllable
edges (steps 9-11) such that all enabled transitions stay within the controlled system
state-space. Finally, the controlled system SEFA S is constructed (step 12) using the
updated edges and restricting the initial and marked state predicates of M to C.
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Algorithm 1 Symbolic Supervisor Synthesis (555), originally from [9]

Input: Specification SEFA M = (V, D, 3, E, py, pm) and forbidden states py over V.
Output: Controlled-system SEFA S.
C + —pF
repeat
C'+C
B+ BRS(—C, E,, true)
C <+ -B
C < FRS(po, E,C) > Optional step.
until C' = '
for all e € F with ¢ € ¥, do
g < g A relprev(e, C)
: end for
: S+ (V,D,E,E,po A C,pm A C)

== e

Definition 6.18 (Synth). Consider a specification SEFA M, and a forbidden state
predicate p; over the states of M. Then Synth(M,py) produces the supervisor SEFA S
resulting from applying the symbolic supervisory controller synthesis algorithm (Algo-
rithm (1) on M with forbidden states py.

The backwards reachability search used in Algorithm [I] is outlined in Algorithm
below. Please note that in the current version of CIF (v10.0, December 2025) a more
efficient algorithm is used for state-space exploration, namely, saturation [23]. However,
for understanding the synthesis algorithm, the simpler version shown here suffices.

BRS takes a start predicate P, a set of edges F, and a restriction predicate R as
input. The algorithm iteratively expands the set of states P by adding states that
can reach states in P via edges in FE, while ensuring that only states satisfying the
restriction predicate R are considered. This is accomplished by first storing the current
predicate P in P’ (step 2), then iterating over all edges e in E and updating P by
adding states that can reach P through e while restricting the result to R (steps 3-
5). relprevintersection is a function that computes relprev A R in one operation for
efficiency. The process continues until a fixed point is reached (P = P’, step 6). The
fixpoint detection in CIF is more optimized than shown here, but this version suffices for
understanding the synthesis algorithm. For a more detailed explanation of the symbolic
synthesis algorithm, we refer to [9].

Algorithm 2 Backward Reachability Search (BRS), originally from [9]
Input: Start predicate P, edges F, and restriction predicate R.
Output: The coreachable states P’, that is, those states that can reach states in P via
edges in F, restricted to states in R.
1: repeat
2 P+ P
3 for all e € F do
4: P «+ PV relprevintersection(e, P, R)
5
6:

end for
until P = P’
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6.3.4 Safe

A controlled system is safe if forbidden states (Definition [6.17)) are not reachable. This
notion is important as it ensures that the system adheres to the safety requirements
specified in the specification.

Definition 6.19 (Safe). Consider a plant EFA P, a requirements EFA R, a specification
M := PJ|R, a forbidden state predicate ps over the states of M, a supervisor S :=
Synth(M,py), and a controlled system C' := M]||S. Then, C is safe if its language is a
subset of the safe language Ls(M) where:

Ly(M):={weL(M)|Vxe States( Runs(M, {w}) ) sz = pyt

Synthesis ensures the controlled behavior is safe, L(C) C Ly(M) [9].

The intuition is that the supervisor disables transitions to forbidden states.

6.3.5 Controllable

A controlled system is controllable if uncontrollable events are never blocked by the
supervisor, when they were enabled in the plant. This notion is important as it forces
the supervisor to propagate restrictions backwards to controllable events or initial state
predicates.

Definition 6.20 (Controllable). Consider a plant EFA P, a requirements EFA R, a
specification M := P||R, a forbidden state predicate py, a supervisor S := Synth(M, py),
and a controlled system C := M||S. Then, C is controllable iff:

{wu |w e L(C),u € £} N L(M) C L(C) [24]

The intuition is that the supervisor is not allowed to block uncontrollable events
in reachable states of the controlled system C, if in a corresponding state in M it is
enabled. That is, if the plant does not allow an uncontrollable transition, the supervisor
also does not have to allow it, and hence we take the intersection with L(M).

6.3.6 Non-blocking

A controlled system is non-blocking if from every reachable state, a marked state is
reachable. This notion is important as it ensures that the controlled system never reaches
a deadlock. Please note that the definition of non-blockingness does allow deadlocks to
occur in marked states.

Definition 6.21 (Non-blocking). Consider a plant EFA P, a requirements EFA R, a
specification M := P||R, a forbidden state predicate ps, a supervisor S := Synth(M, py),
and a controlled system C := M]||S. Then, C is non-blocking iff its language equals
the set of all prefixes of the marked language of M:

L(C) = L(C) N L (M) [6).

The intuition is that if every word w € L(C) is itself a marked word, or a prefix of
one (w € L(C)N L,,(M)), there always exists a (possibly empty) word v such that wv
is a word of the marked language: wv € L(C)NL,,(M). In other words, every reachable
state in the controlled system is either a marked state or can reach a marked state.

27



6.3.7 Blocking States

We refer to states from which no marked state is reachable as “blocking states”. This
notion is useful in later proofs. Formally, the following definition describes a function
which outputs true iff a state is blocking.

Definition 6.22 (Blocking function). Consider a function B that takes a (S)EFA M
and a state x € X as input and outputs true iff x is blocking, i.e., it is not possible to
reach a marked state from z:

B(M,z) :=VweX*, V2’ € X : (z B 2') = (o' £ pm)-

In the following lemma, we will demonstrate that blocking states are not reachable in
the controlled system using the non-blockingness property of synthesis (Definition [6.21]).

Lemma 6.23 (Blocking states are excluded from the controlled system). Consider a
specification SEFA M, a forbidden state predicate p¢, a supervisor S := Synth(M,py),
and a controlled system C := M||S. Then, if a state of C is blocking, it is not reachable
in C. Formally:

Va € States(runs(C, L(C))) : =B(C, ).

Proof. The proof is by contradiction. Assume a reachable blocking state x. Then, there
must exist a word w that leads to z, i.e, € States(Runs(C,w)). Since z is a blocking
state, B(C,z) holds. By Definition this means no word v € X* exists such that
wv € Ly, (C). Therefore, w cannot be a prefix of any word in L(C) N L,,(M), i.e.,
w & L(C)N Ly, (M). However, since w € L(C), this is a contradiction to the non-
blockingness property (Definition , which states: L(C) = L(C) N Ly, (M). Thus
our initial assumption, blocking state x is reachable in C, must be false. O

6.3.8 Maximally Permissive

The controlled system is maximally permissive means that it allows for the largest
possible language while still being safe, controllable, and non-blocking. This notion is
important as it ensures that the supervisor does not impose unnecessary restrictions on
the system’s behavior, such as disallowing all behavior.

Definition 6.24 (Maximally permissive). Consider a plant EFA P, a requirements
EFA R, a specification M := P||R, a forbidden state predicate ps, a supervisor S :=
Synth(M,ps), and a controlled system C := M]||S. Additionally, consider the set of
all controlled systems SCN B¢ (M), with respect to M, such that its output is Safe,
Controllable, and Non-blocking (as defined in their respective sections). Then, C' is
maximally permissive, also known as minimally restrictive, when:

VC' € (SONBe(M)\ {CY) : L(C") € L(C).

The intuition is that C' is maximally permissive if it allows for the largest possible
language with respect to the specification M. Our definition forces C' to be unique,
as the language of no other controlled system can be equal or incomparable to that of
C'. This definition is similar to that of [25], but we slightly modified it to make the
uniqueness property part of the formal definition.

6.4 Temporal Logics

In this section we provide a brief overview of the temporal logics used in this thesis:
Linear Temporal Logic (LTL) and Computation Tree Logic (CTL). We start by intro-
ducing the concept of Kripke structures [26], over which LTL and CTL are semantically

28



defined. Afterwards, we introduce useful functions on Kripke structures, before defining
LTL and CTL themselves.

6.4.1 Kripke Structure

Definition 6.25 (Kripke structure). A Kripke Structure (KS) is a directed graph
and formally defined as a 4-tuple M := (S, Sy, R, L), where:

e S: A finite set of states.
e Sy € S: The set of initial states.

e R C S xS: A transition relation, which must be total, meaning for every state
s € S, there exists a state s’ € S such that (s,s’) € R. In other words, every state
has at least one outgoing transition.

e £:S — 247 is a labeling function which assigns to each state a set of atomic
propositions, from AP, that hold in that state.

Definition 6.26 (Runs on Kripke structures). We define a function Runsgs which is
similar to Runs (Dcﬁnition, but tailored for Kripke strucutres. Instead of expecting
a (S)EFA and a language as input, Runsys requires a Kripke structure K and a state
x € Sk and outputs the set of all possible infinite state sequences starting from .
Formally:

Runsys(K, z) = {xg, 21, -+ € Sk | 20 = 2,¥i > 0, (x4, zi41) € R}

Each sequence (xg, 1, ...) in Runsgs(K,x) is referred to as a run of K from z. The
i-th state in a run r is obtained by projection, r{i] = z;.

Definition 6.27 (Kripke structure construction). Consider a SEFA M, and a language
L C L(M). We define the function KS which constructs a Kripke Structure from M
and L as follows: KS(M,L) := (S, Sy, R, L), where:

e S := States(Runs(M, L)), the set of all states referenced in runs of M given the
language L.

e Sy:=S5NXO the set of all initial states.

e R := {(runli — 1],runfi]) € S x S | run € Runs(M,L), 1 < i < |run|}, the
transition relation restricted to transitions that occur in reachable states of M
given L.

e AP := {(v,d) | v € Vp,d € D,}, the set of atomic propositions where each
element is a pair of a variable and a possible valuation.

e £:S — 247 is the labeling function. For each state s € S, the labeling function
L(s) contains the atomic propositions that are true in that state. Specifically, it
includes the pair for each variable and its current value in s: £(s) := {(v, s[v]) |
veVul

The resulting Kripke Structure thus only includes states and transitions of M that
appear in runs generated by words in L.
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6.4.2 Linear Temporal Logic

We will first cover the intuition behind Linear temporal logic (LTL), after which we will
formally define its syntax and semantics.

LTL is a modal logic interpreted over infinite runs of Kripke structures (Defini-
tion . As the name of LTL suggests, time is conceived as a linear progression,
meaning that each moment in time has a unique possible future. In a Kripke structure
this means that when there are multiple outgoing transitions from a state, each transi-
tion leads to a different possible future, but only one of these futures will actually occur
in a given run. Thus each branching point in a Kripke structure results in a distinct
timeline.

LTL formulas are constructed using standard boolean operators (true, false, atomic
propositions a, —a, ¢1 A ¢, ¢1 V ¢2) and temporal operators:

e X ¢ (Next ¢): ¢ holds in the next state.

o )1Uds (¢ “until” ¢2): ¢1 holds at all points in the future until some future point
where ¢5 holds.

o F' ¢ (“eventually” / “future” ¢): ¢ holds at some state in the future.
o G ¢ (“globally” / “always” ¢): ¢ holds at all states in the future.

LTL formulas implicitly start with a universal path quantifier (A). This means that an
LTL formula ¢ is satisfied by a KS if ¢ holds in all runs starting from an initial state of
KS.

Figure[5|illustrates the semantics of the various LTL operators over a run. The states
where a formula holds are indicated above each state. When no formula is indicated
above a state, it means that the truth value of formulas in that state are irrelevant.
Additionally, states where the LTL formula holds are colored gray. Furthermore, dotted
arrows indicate a continuation of the run.

é
Atomic proposition ¢: O O O >O
é
Next ¢ (X ¢): O O O O
1 1 2
¢1 until g2 (¢1U¢2): O O O ()
¢ ¢ ¢
Eventually ¢ (F¢): O O O >O
é ¢ ¢ é
Globally ¢ (G¢): O O O O

Figure 5: Tllustration of LTL operators over a run. This figure is inspired by [22].

Formally, LTL is defined as follows in Definition and Definition [6.29
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Definition 6.28 (LTL Syntax). LTL formulas over a set of atomic propositions AP are
defined inductively:

e true, false, and every a € AP is an LTL formula.

o If ¢ and ¢5 are LTL formulas, then so are: —¢1, ¢1 A ¢2, @1 V ¢2, X ¢1, F ¢1,
Gqﬁl, and ¢1 U¢2

Definition 6.29 (LTL Semantics). Consider a Kripke structure K (Definition [6.25))
and a run r € Runsy(K, s) from some state s € Si. Note that by Definition
length of the run r is infinite, i.e., |r| = co. The satisfaction relation |= for LTL formulas
is defined as follows:

e K, r | true always holds.

e K ,r = false never holds.

e K,r l=aiff a € L£(r]0]), for atomic proposition a.
e K,r E—¢iff K,r £ ¢.

e KirEd1 N2 iff K7 = ¢1 and K, 1 |= ¢o.

e KirEd1 Voo i K,r = ¢y or K,r |E ¢o.

e KrEXoit K,r[l...] E ¢.

o K r = ¢1Ud¢s iff there exists j > 0 such that K,r[j...] E ¢z and forall 0 < k < 7,
Krk...] E¢1.

e K,r = F¢ iff there exists j > 0 such that K,r[j...] E ¢.
e K,rEGo¢iffforall j >0, K,r[j...] E ¢.

We extend the satisfaction relation to states in K as follows: for state s € Sk,
K,s E ¢ iff for all runs r € Runsys(K,s), K,r = ¢. Furthermore, we extend the
satisfaction relation to Kripke structures as a whole: K = ¢ iff for all initial states

So € S(), K, so ': ¢

6.4.3 Computation Tree Logic

We will first cover the intuition behind Computation Tree Logic (CTL), after which we
will formally define its syntax and semantics.

CTL is a branching-time logic, which means that each moment in time may diverge
into various possible futures. This property stems from the fact that CTL formulas are
interpreted over infinite computation trees, which describe all possible behaviors of a
Kripke structure. Every transition taken can be seen as a decision, i.e., a branch in the
computation tree. CTL supports the same temporal and boolean operators as LTL, but
all temporal operators must be directly preceded with a path quantifier: A (every infinite
path from this state) or F (there exists an infinite path from this state). Examples of
combinations are AX¢: ¢ holds in all possible next states, EX¢: there exists a possible
next state where ¢ holds. Figure[6.4.3]illustrates the semantics of several CTL operators
over a computation tree of a Kripke structure K. Dashed lines indicate continuation of
the computation tree, and ¢ above a node indicates that a formula ¢ holds in that state.
When ¢ is not present above a node, it means that the truth value of ¢ is irrelevant. An
s inside a node indicates it is the state from which the computation tree is constructed.

Formally, CTL is defined as follows in Definition [6.30| and Definition |6.31

31



K,s}=AG ¢ K,sb=EG¢>

0]
m /@\
o/ \\\¢ ¢/// \\\¢

@ © © O oooo

K,s = AF ¢ K,s = EF ¢

/ \ / \
/ \ / \
/ \ QZ5

Figure 6: Illustration of CTL operators over a computation tree. This figure is inspired
by [21].

Definition 6.30 (CTL Syntax). CTL formulas over a set of atomic propositions AP
are defined inductively:

e true, false, and every a € AP is a CTL formula.

o If ¢ and ¢ are CTL formulas, then so are: —¢1, ¢p1 Ao, ¢1V ¢a, AX ¢1, EX 1,
AG¢1, EG¢1, 14}7‘(2517 EF¢1, A(¢1 U¢2), and E((bl U¢2)

Definition 6.31 (CTL Semantics). Consider a Kripke structure K (Definition [6.25))
and a state s € Sk. The satisfaction relation | for CTL formulas is defined as follows:

K, s |= true always holds.

e K, s = false never holds.

o K,skEaiff a € L(s), for atomic proposition a.

o K.s5 - iff K,s - o.

e K,sE¢1 N iff K, s = ¢y and K, s = ¢a.

e K,sEd01 Vo iff K,s=¢1 or K, s = ¢a.

o K,s = AX ¢ iff for all r € Runsys(K,s), K,r[1] E ¢.

o K,s = EX ¢ iff there exists r € Runsgs(K, s) such that K, r[1] = ¢.

e K,s E AG ¢ iff for all r € Runss(K, s) and for all j > 0, K, r[j] = ¢.

o K,s = EG ¢ iff there exists r € Runsys(K, s) such that for all j > 0, K, r[j] = ¢.
e K,s|= AF ¢ iff for all r € Runsys(K, s), there exists j > 0 such that K, r[j] = ¢.
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e K,s = EF ¢ iff there exists r € Runsy(K,s) and j > 0 such that K, r[j] = ¢.

o K,s E A(p1U ¢o) iff for all » € Runsis(K,s), there exists j > 0 such that
K,r[j] |E ¢2 and for all 0 < k < j, K, r[k] E ¢1.

o K,s | E(¢1U ¢o) iff there exists r € Runsgs(K, s) and j > 0 such that K, r[j] E
@2 and for all 0 < k < j, K, r[k] = ¢1.

We extend the satisfaction relation to Kripke structures as a whole: K | ¢ iff for
all initial states so € So, K, so = ¢.

7 Literature Study

In this section, we present a literature study on liveness specification in supervisor
synthesis within the RW-framework [6]. Specifically, we investigate existing approaches
for specifying liveness requirements that are compatible with CIF and are applicable to
the RWS case study (Section . We start, in Section by outlining the methodology
of the literature study, after which we describe, in Section the selection process
using the outlined methodology. Next, we describe in Section the evaluation process
used to analyze the selected papers. Subsequently, we present the evaluation of the
selected papers in Sections [7.4] to [7.8] Finally, we provide a summary of our findings in
Section

7.1 Methodology

From the analysis of the RWS case study (Section 7 it became clear that CIF’s current
liveness specification capabilities (marked states) are insufficient to solve the challenge
of RWS. Therefore, the goal of this literature study is to identify and analyze existing
approaches for specifying liveness requirements in supervisor synthesis within the RW-
framework [6]. Furthermore, we are specifically interested in approaches that can express
the liveness requirement of RWS, which we define precisely in Section

Concretely, we investigate existing liveness specification formalisms for supervisory
control theory that:

e Are compatible with CIF and the RW-framework in terms of modeling constructs
and synthesis properties.

e Can express the liveness requirement of RWS, i.e., from every reachable state,
multiple marked states can be reached in the controlled system.

e Are simple to express and understand for users of CIF.

We aim to achieve this goal by conducting a literature study of relevant recent papers.
As a starting point, we use Offline supervisory control synthesis: taxonomy and recent
developments [28], where articles from 2017 up to and including 2022 are considered.
Five sources on requirements in temporal logic were published during this period. These
form the initial sources for our literature study.

To cover more recent work, we performed an additional search to fill the gap between
2022 and July 2025 (the time this literature study is conducted). In contrast to [28],
we restricted this search to papers that reference the RW-framework [6]. Within this
collection of papers, we searched for the keywords liveness, LTL, and CTL for the years
2023 to and including 2025. We only search for LTL and CTL as they are simple to
understand while powerful enough to express the liveness requirement needed by RWS,
which we will further discuss in Section [Z.3]
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7.2 Selection Process

To ensure that the approaches we evaluate are comparable and relevant to CIF, we apply
the following inclusion criteria:

e The work is formulated within, or directly compatible with, the RW-framework [6]
e Specification modeling is comparable to the formalisms used in CIF and

e The work discusses liveness or temporal logic specifications in the context of su-
pervisor synthesis.

We exclude approaches that significantly alter the four properties of RW-synthesis
(safety, controllability, non-blockingness, and maximal permissiveness) or that are for-
mulated in the reactive synthesis (game-theoretic) framework [29]. The reactive syn-
thesis framework is outside the scope of this literature study, as it generally does not
align with the RW-framework [6] due to different terminology and, more importantly,
different definitions for safety, controllability, non-blockingness, and specifically maxi-
mal permissiveness [30]. Reactive synthesis typically aims at a winning strategy, instead
of a unique maximally permissive supervisor (Definition .

In the section “Requirements in temporal logic” of [28], the first sources mentioned
are [31] and [32]. These papers are excluded from further evaluation, as their definition
of maximally permissive synthesis does not align with CIF’s. As mentioned by the
authors of [28], for [31] “it was explained how all maximally permissive solutions can be
generated”, and for [32] “there can be multiple maximally permissive solutions”. Both
cases clearly violate the uniqueness of a maximally permissive supervisor as defined in
Definition [6.24] which we aim to preserve.

Afterwards, the source [33] is mentioned, which we include in our evaluation as it
adds support for a subset of CTL while preserving the uniqueness of the maximally
permissive supervisor. Subsequently, [34] is mentioned, which we also include, as it adds
support for a subset of LTL. The authors of [28] do not state which synthesis properties
are maintained by the approach of [34], so we evaluate this ourselves. Lastly, [35] is
mentioned, which we also include, as it similarly adds support for LTL while no synthesis
properties are discussed in [28]. In summary, from the taxonomy by [28] we include [33],
[34], and [35] in our evaluation.

Next, we performed an additional search to fill the gap between 2022 and July 2025.
We queried Google Scholar using “liveness OR LTL OR CTL” for papers citing the RW-
framework [6]. This search yielded 84 papers, of which we excluded 77 based on their
titles, as they appeared to be irrelevant to our goal. For the remaining seven papers we
screened the abstracts and conclusions, after which we excluded four more papers: [36],
[37], [38], and [39], as they were not in the RW-framework but in the reactive synthesis
framework [29].

Additionally, we excluded [40], as it explicitly states that liveness requirements are
considered future work. Furthermore, we excluded [41], as it works with probabilistic
models, which does not align with the synthesis models considered in CIF. Lastly, we
exclude [42], as it uses decentralized synthesis whereas CIF uses monolithic synthesis.
Nevertheless, [42] is the decentralized version of [35], which we include in our evaluation.
Therefore, the approach of [42] is still indirectly covered in our evaluation.

Based on an examination of relevant literature cited by the four selected sources,
we additionally include [I3] (referenced by [33] and [35]) and [43] (referenced by [35]).
We include [I3], as it appears to be a foundational paper in liveness specifications for
supervisor synthesis. Whereas we include [43] as it presents a different (model-based)
approach to temporal specifications in supervisor synthesis. This work only addresses
safety properties (no liveness). Nevertheless, we consider it valuable as it provides an
alternative perspective on temporal specifications in supervisor synthesis.
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In total, we evaluate the following five papers in this literature study: [13], [33], [35],
[34], and [43].

7.3 Evaluation Process

In the preliminaries (Section @, we formally defined the constructs and properties used
in CIF. These constructs and properties serve as the starting point for our evaluation
of the selected papers. Additionally, we require a precise formalization of the liveness
requirement based on the RWS case study (Section .

Informally, RWS requires that, in the controlled system, it must always be possible
to reach a state in which a waterway lock gate is open, and likewise a state in which it is
closed. Now, consider open and closed to be state predicates that hold in exactly those
states in which a waterway lock gate is open and closed, respectively. Then, the liveness
requirement which RWS needs to hold in the controlled system can be precisely captured
using the CTL formula (AG EF open) A(AG EF closed) (when the controlled system is
total, Deﬁnition, by the definition of CTL semantics (Deﬁnition. This formula
states that, from every reachable state, it must always be possible to eventually reach a
state satisfying open, and likewise it must always be possible to eventually reach a state
satisfying closed.

Based on the CIF concepts from Section [fland the RWS liveness requirement defined
above, we formulate four guiding questions to evaluate the selected papers:

1. How does the specification formalism used in the paper compare to EFAs in CIF
(in terms of states, events, variables, guards, marked states, and initial states)?

2. Do the definitions of safety, controllability, non-blockingness, and maximal per-
missiveness align with Definitions [6.19} [6.20] [6.21] and [6.24] respectively?

3. Which liveness requirements can be specified, and in particular, can the approach
express requirements equivalent to (AG EF open) A (AG EF closed)?

4. What are the limitations of the approach?

The first and second questions evaluate the compatibility of the approach with CIF and
the RW-framework [6] in general. The third question evaluates whether, and to what
extent, the approach can express the liveness requirement of RWS as defined above. The
fourth question evaluates the limitations of the approach, both in general and specifically
in the context of CIF and RWS.

7.4 Multitasking Supervisory Controller Synthesis

We begin the evaluation with [13], as it is a foundational paper in the field of liveness
specifications in supervisor synthesis. In the literature, marked states are also known
as tasks which a controlled system can complete by reaching a marked state. [I3] in-
troduces the concept of multitasking supervisory control, where the goal is to ensure
that multiple tasks can be completed in the controlled system, i.e., to ensure the reach-
ability of multiple marked states. The authors also refer to this approach as coloring,
and tasks/marked states as states of different colors. In the following subsections, we
evaluate [13] based on the four guiding questions outlined in Section

7.4.1 Specification Formalism Comparison

The authors use a Colored Marking Generator (CMG) to model a specification, where
a CMG is formally defined as a 6-tuple G := (Q, %, C, E,~, qp), where:

35



e (): The finite set of states.

e X: a finite set of events (the alphabet), partitioned into two disjoint sets: X for
controllable events and ¥, for uncontrollable events, i.e., ¥ := X .UX,,, .NX, = 0.

e (' is a finite set of colors, representing all the classes of tasks the system can
execute.

FE:Q x Y — @Q is the state transition function.

v : Q — P(C) is the marking function, which assigns to each state of @ a (possibly
empty) subset of colors.

e (o is the initial state.

A CMG is notably different from an EFA in CIF (Definition , as it does not in-
clude variables and consequently neither guards nor error predicates nor assignments on
transitions. Furthermore, there are no marked states in a CMG, instead, the marking
function  assigns colors to states. Also notably different is that ¢g is a single initial
state, whereas an EFA in CIF can have multiple initial states.

The absence of variables can be bridged by modeling each combination of variable
valuations as separate states in the CMG, as we will see in the work of [33]. The
restriction to a single initial state can be overcome by introducing a new initial state
with controllable transitions to the desired initial states. This way, the restrictions CIF
imposes on initial states can be applied to the added controllable transitions instead.

7.4.2 Synthesis Properties Comparison

The authors of [I3] define safety, controllability, and maximal permissiveness similarly
to classical supervisory control theory [6], which forms the basis of CIF’s definitions
(Definitions [6.19} [6.20} and [6.24] respectively). Non-blockingness is defined differently,
as it is defined with respect to colors instead of marked states.

Safety is defined such that the controlled system only allows sequences of events
within the admissible language of the specification. Controllability is defined such that
the supervisor cannot disable uncontrollable events. Unlike in CIF, restrictions cannot
be imposed on the initial state predicate, as there is only a single initial state in a CMG.
But when multiple initial states are modeled using a new initial state with controllable
transitions to the desired initial states (as mentioned above), the restrictions that are
in CIF imposed on the initial state predicates are applied on the added controllable
transitions instead. Non-blockingness is defined such that from every reachable state,
for each color in C, there exists a path leading to a state marked with that color. The
authors mention that classical non-blockingness can be obtained as a special case by
considering a single color. Maximal permissiveness is defined such that the supervisor
allows all behaviors that do not violate safety, controllability, and non-blockingness.

7.4.3 Liveness Specification Capabilities

As discussed above, the approach of [I3] enables specifying multiple states (tasks) that
must remain reachable in the controlled system. The authors do not directly tie this ca-
pability to any temporal logic formalism, but [33] does connect multitasking supervisory
control to CTL formula AG EF c¢ for all colors c. However, [33] does not formally define
this connection. Furthermore, we observe that this connection is not fully aligned with
CTL semantics (Deﬁnition, as when there is just a single color (or one state marked
with all colors), then the controlled system is not necessarily total (Definition . This
holds because [I3] defines non-blockingness, when there is only a single color, equal to
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classical RW-synthesis and RW-synthesis allows livelocks in marked states [6]. Nev-
ertheless, we accept multitasking supervisory control as a way to express the liveness
requirement of RWS.

7.4.4 Limitations

The authors mention scalability as a limitation, not specifically in the context of liveness
specifications, but in general for supervisor synthesis. As an example, they mention that
the specification of their case study contained 8.13 x 10° states. The work was pub-
lished in 2005, and since then significant advancements have been made in supervisor
synthesis to improve performance. Consequently, 8.13 x 10° states is not necessarily
large by today’s standards. However, the state-space size is not the only factor influ-
encing performance, the structure of a specification also plays a role. This point can
be illustrated using two models from the CIF benchmark. CIF includes a set of 23
benchmark models stemming from, or inspired by, industry, government, and academia
for supervisor synthesis, of which 13 we describe in Section [[0.1.1] From the 13 CIF
benchmarks, consider the wafer-scanner- and waterway lock model. Their uncontrolled
system state-space sizes are 5.30 x 10° and 5.96 x 1032 states, respectively (according
to [9]). However, the wafer-scanner model requires 3.47 x 108 Binary Decision Diagram
(BDD) [44] operations to synthesize whereas the waterway lock model requires only
4.75 x 10* operations (when using CIF v8.0). This example illustrates that state-space
size is not the only factor influencing synthesis performance.

From the perspective of CIF, we mainly see limitations regarding the expressive-
ness and convenience of defining specifications. Specifically, CMGs lack variables and
multiple initial states, which limits the convenience of specifying complex systems com-
pared to CIF’s capabilities. But this limitation is not consequential for the adoption of
multitasking supervisory control in CIF.

In summary, [I3] provides a way to express multiple reachability requirements via
colors and extends classical RW-synthesis. Based on our evaluation, we consider the
essence (coloring) of this approach to be compatible with CIF.

7.5 Multiple Reachability Requirements in Supervisory Control

The work [33] builds on [I3] and uses it as a foundation for more complex (liveness)
specifications. Specifically, [33] extends the approach of [I3] to additionally support
invariance. In the subsequent subsections we evaluate [33] based on the four guiding
questions outlined in Section [7.3

7.5.1 Specification Formalism Comparison

The authors use a Labeled Transition System (LTS) to model a specification, where
they define an LTS as a 3-tuple £ = (Q, X, E) where:

e (): a finite set of states. The state is defined by a set of state variables, so that
each state ¢ € @) corresponds to a valuation of these variables.

e X: a finite set of events (the alphabet), partitioned into two disjoint sets: 3. for
controllable events and X, for uncontrollable events, i.e., ¥ := X .UX,,, ¥.NX, = 0.
The input is represented by a set of input variables, so that relational expressions
involving those input variables define subsets of 3.

o £ CQxXYxQ: aset of transitions, where each transition (g, o,¢") indicates that
the system moves from state g to state ¢+ given input o.
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The authors require the LTS L to be deterministic, meaning every pair (g, o) corresponds
to at most one transition (¢q,0,¢") € E.

The most basic properties of states are given by atomic propositions. These are
expressions using the state variables. For example, if ¢ is a state variable with domain
{1,2,...,7}, then expressions such as:

(q = 4)? (q € {374})7 (q 7& 5)

are atomic propositions that evaluate to true or false for each state in Q.

Additionally, the authors expand the specification formalism to include Combined
Invariance and Reachability (CIR) using a subset of CTL, where CIR is formally defined
as follows:

AG | \pi A )\ EF(p;)
iel jeJ
Both p; and p; are boolean predicates over states, thus they do not contain any CTL
operators. CIR combines:

e Invariance requirements AG(p;): property p; must always hold (safety).

e Reachability requirements AG(EF(p;)): from every reachable state, it must
always be possible to eventually reach a state satisfying p; (non-blocking / live-
ness).

The LTS formalism is similar to an EFA in CIF (Definition , as both include
variables, guards (relational expressions involving variables), and (implicit in the case of
LTS) assignments on transitions. This work also covers the convenience of invariance,
which CIF supports as well. However, there are some notable differences. Firstly,
there are no marked states in an LTS, where marked states are fundamental in CIF.
The concept of marked states can be mimicked similarly to [I3] by using reachability
requirements. Secondly, and most notably, there is no initial state predicate in an LTS.
We will come back to this in the next subsection.

Overall, the LTS formalism appears to be largely compatible with EFAs in CIF, with
some limitations due to the lack of explicit marked states and initial state predicates.

7.5.2 Synthesis Properties Comparison

The authors explicitly link their work to classical supervisory control theory [6], which
consequently connects it to CIF.

Safety requirements are defined using the invariance operator AG, ensuring that
the controlled system only allows sequences of events within the admissible language
of the specification. Controllability is defined such that the supervisor cannot disable
uncontrollable events. Non-blockingness is defined using the reachability operator EF,
ensuring that from every reachable state there exists a path leading to a state satisfying
the reachability requirement. Maximal permissiveness is defined differently compared
to classical supervisory control theory: the authors consider a solution to be maximal
if it allows the largest possible set of states. Using this definition, initial states can be
mimicked by choosing a set of states for which at least one must remain in the maximal
state-space. When no intended initial states are present in the maximal state-space, the
result is considered to be the empty supervisor. Additionally, as previously mentioned,
the reachability operator EF' can be used to define marked states. Utilizing both initial-
and marked state mimicking combined, the definition of maximally permissiveness can
be made compatible to the one used in CIF (Definition .
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Figure 7: An example EFA where multiple maximally permissive supervisors exist for
AG(EF(AG(¢=1) VvV AG(q¢ =0))). This figure is inspired by [33].

7.5.3 Liveness Specification Capabilities

The capabilities for specifying liveness requirements are similar to [13], as the possible
reachability of multiple desired states can be defined. Since the approach of [33] extends
the modeling formalism to include variables, more complex liveness requirements can
be specified than with CMGs. The liveness requirement of RWS, as defined in terms of
CTL, can be specified within the subset of CTL formulas supported by CIR.

7.5.4 Limitations

The authors mention the requirement of the LTS to be deterministic as a limitation.
This limitation is relevant as CIF does support non-determinism only for uncontrollable
events in the context of symbolic synthesis. Furthermore, the authors mention that their
solution is memoryless, meaning it does not track past states, this limits the expressive-
ness of CIR specifications. This limitation is not relevant in the context of CIF, as CIF
also does not track past states. Another limitation mentioned by the authors is their
limited support for CTL, as only invariance and reachability are supported. This limi-
tation is relevant in the context of CIF, as it limits the expressiveness of specifications,
but in the context of the RWS case study, this limitation is not problematic, since only
reachability requirements are needed.

The authors also mention fundamental limitations regarding CTL specifications for
RW-synthesis in general. Allowing full CTL can lead to incomparable solutions of the
synthesis problem, violating uniqueness in the definition of maximally permissive (Def-
inition . Therefore, the authors restrict their approach to CIR specifications to
ensure that the solution is unique. Consider, for example, the EFA depicted in Figure[7}
This EFA has two (initial) locations Sy and Si, and a boolean variable ¢ which can
be either 0 or 1. There are two controllable events ey and e; which set ¢ to 0 and 1,
respectively. The liveness requirement AG(EF(AG(q = 1) V AG(q = 0))) states that
from every reachable state it must always be possible to eventually reach a state where
either ¢ remains 1 forever, or ¢ remains 0 forever. There are two maximally permissive
solutions: never allowing e; or never allowing eg. The solution has to disable one of
the events, as otherwise there is no guarantee that either AG(¢ = 1) or AG(¢q = 0) will
eventually hold. Since the requirement states that there must exist a path to either
AG(qg = 1) or AG(q = 0) from every reachable state, the initial value of ¢ does not
matter.

In summary, [33] extends [13] by adding support for variables and invariance, en-
abling more complex liveness specifications while largely preserving compatibility with
CIF.

39



7.6 Synthesis with Canonical LTL and Fair Events

The work [35] introduces an approach for supervisor synthesis using canonical LTL
requirements, alongside plants modeled as Discrete Event Systems (DES). Canonical
LTL is a version of LTL such that safety requirements and liveness requirements are
defined over past LTL formulas. Their approach utilizes fairness assumptions on events
to ensure constant progress towards marked states. In the subsequent subsections we
evaluate [35] based on the four guiding questions outlined in Section

7.6.1 Specification Formalism Comparison

The authors use a discrete event system (DES) to model a specification, where they
define a DES formally as a 5-tuple G = (V,Q, X, E, po) where:

e V: A finite set of typed state variables. Each state variable v € V has an associated
domain Range(v).

e (): The finite set of states, defined as the cross product of the ranges of all state
variables: @ := [],c, Range(v). Each state ¢ € @ is a valuation of all state
variables.

e X: a finite set of events (the alphabet), partitioned into two disjoint sets: X. for
controllable events and X, for uncontrollable events, i.e., 3 := X .UX,,, X .NX, = 0.

e F:YXXxQ — Q: A (deterministic) partial state transition function. For each state
q € @, the function E(o,q) is defined only for a subset of ¥, indicating which
events are enabled at that state.

e po: Predicate over (Q representing the initial states.

Furthermore, a specification of a plant may select a subset of uncontrollable events
Yy C ¥, as fair events. The fair event set itself is also partitioned into two disjoint
sets: Xy = X U Xy such that ¢ NX; = 0. X denotes strongly fair events, whereas
3 denotes weakly fair events. When in a run of a DES a strongly fair event o € ¥¢ is
enabled infinitely often, then ¢ must be executed infinitely often. When in a run of a
DES a weakly fair event ¢ € X is enabled continuously from some point onward, then
o must be executed infinitely often. We will illustrate the purpose of fair events in the
EFA depicted in Figure[8] Consider event e; to be an uncontrollable event. If e; is not
considered to be a fair event, then there is no guarantee that e; will ever be executed
and consequently the marked state may never be reached. However, if e; is considered
to be a fair event (both fairness types suffice), then e; is assumed to be executed at some
point, and consequently the marked state will eventually be reached. Fair events can be
considered uncontrollable events that are part of regular operation of the system, while
non-fair uncontrollable events are considered to be faults or rare events. For example,
a fair uncontrollable event in a waterway lock may be a sensor detecting whether a lock
gate is closed, while a non-fair uncontrollable event may be an emergency stop button
being pressed.

While the plant is modeled as DES, requirements are modeled using canonical LTL
formulas over the states of the DES. The authors define canonical LTL as:

G <P- N F(Mi)>

Where P and M; are past LTL formulas over states in (). Past formulas included
operators for: has always been, once, previously, and since. Canonical LTL formulas are
used to approximate marked states (through M;) and safety requirements (through P).
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The DES formalism is similar to a SEFA in CIF (Definition [6.2), except SEFAs in
CIF include explicit guards while in a DES this is captured through the partial state
transition function. Furthermore, both formalisms include invariance (safety). Marked
states are defined differently, which we will discuss in the non-blockingness definition of
next subsection.

7.6.2 Synthesis Properties Comparison

The authors draw explicit commonalities and distinctions between their definitions and
classical supervisory control theory [6]. Safety is defined such that nothing “bad” may
happen, where it is formally defined using the invariance operator G in LTL. Control-
lability is defined similarly to classical supervisory control theory [6], such that the
supervisor cannot disable uncontrollable events. However, in contrast to CIF and [6],
the authors include fairness assumptions on a subset of uncontrollable events. Non-
blockingness is most notably defined differently, as it is defined such that all marked
states / conditions must be visited / met infinitely often. Maximal permissiveness is
also defined differently, due to the different definition of non-blockingness. A supervisor
is maximally permissive if it allows the largest possible set of behaviors while ensuring
safety, controllability, and constant progress towards marked states.

The difference in non-blockingness (and consequent difference in maximal permis-
siveness) compared to CIF is significant. This difference is fundamental due to the
contrasting views of liveness from an LTL and RW-framework perspective. We will
elaborate on this difference further in Section [Z.6.4l

7.6.3 Liveness Specification Capabilities

Canonical LTL allows specifying that marked states must be visited infinitely often by
always making progress to a different marked state. This liveness requirement is stricter
than the one required by RWS, as defined in Section In terms of a waterway lock,
the liveness requirement specifiable in canonical LTL is that a waterway lock gate must
open and close infinitely often. Such that when, for example, a waterway lock gate is
open, all actions must contribute to eventually closing that waterway lock gate again.
In the subsequent subsection we will discuss how such requirements drastically limits
possible behavior in the controlled system.

7.6.4 Limitations

Regarding limitations, the authors created a purely theoretical framework and did not
implement their approach. This is not necessarily a limitation regarding the applicability
to CIF.

The most significant limitation from
the perspective of CIF is the different
definition of non-blockingness. In CIF,
non-blockingness ensures that always a
marked state remains reachable, while e1
in [35], non-blockingness ensures that co ‘@ ’ 2
marked states are visited infinitely of-
ten. As mentioned previously, this differ-
ence is fundamental due to the contrast-
ing views of liveness from an LTL and
RW-framework perspective. Consider the
(canonical) LTL requirement G(F(S1))
specified for the EFA depicted in Figure[]

Figure 8: An example EFA where the
(canonical) liveness requirement G(F(S7))
drastically limits possible behavior.
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where all events (eq, e1, and e3) are considered to be controllable. Now consider maximal
permissiveness as defined in Definition By this definition, a supervisor is consid-
ered maximally permissive if it allows the largest possible language while ensuring safety,
controllability, and non-blockingness. To ensure the liveness requirement G(F(S1)) is
enforced, the supervisor must disable event ey at some point, as otherwise there is no
guarantee that state S7 will be visited at all. But for all possible supervisors that ensure
G(F(S1)) in this scenario, there exists another supervisor that allows for one more self-
loop on Sy before disabling ey. Consequently, no maximally permissive supervisor exists
in this case. The authors solve this problem by requiring that the supervisor ensures
progress to marked states, thus consequently ey must be disabled immediately. This
example illustrates how the definition of non-blockingness in [35] can drastically limit
possible behavior in the controlled system compared to CIF’s definition.

In summary, while [35] provides a way to express liveness requirements using LTL,
its definition of non-blockingness and maximal permissiveness differ significantly from
CIF’s, making it less suitable for our purpose. Furthermore, this difference drastically
limits possible behavior in the controlled system. Lastly, the LTL liveness requirements
are stricter than the one required by RWS.

7.7 LTL,, Synthesis Utilizing Abstraction

The work of [34] introduces an approach for supervisor synthesis using a subset of LTL
called LTL\o. This subset excludes the next operator X. By doing so, the authors
utilize an abstraction technique called stutter bisimulation abstraction, which enables
more efficient synthesis. In the subsequent subsections we evaluate [34] based on the
four guiding questions outlined in Section [7.3

7.7.1 Specification Formalism Comparison

The authors use a transition system (TS) to model a specification, where they formally
define a TS as a 5-tuple G = (Q, Qq, E, P, =) where:

e (): The finite set of states.

Qo C @Q: The set of initial states.

E C @Q x Q: The state transition relation.
e P: A set of atomic propositions.
e |=: A satisfaction relation between states and atomic propositions.

Additionally, requirements can be modeled using LTL\q formulas over the atomic
propositions in P. LTLyg is defined similarly to standard LTL, but excludes the next
operator X. This exclusion enables the use of stutter bisimulation abstraction [22].
Stutter bisimulation abstraction groups states first on their valuations of atomic propo-
sitions, and then merges states that have the same transitions to other groups of states.
We will explain how this abstraction is used in Section [7.7.4]

The TS formalism is in many aspects different from an EFA in CIF (Definition .
Firstly, there are no variables in a T'S, and consequently neither guards nor assignments
on transitions. As mentioned previously, this limitation can be overcome by modeling
each combination of variable valuations as separate states in the TS. Secondly, there are
no marked states in a T'S, where marked states are fundamental in CIF. Marked states
can be mimicked by introducing an atomic proposition M and LTLyo formula G(F(M)).
But note by the Semantics of LTL (Definition [6.29), this formula requires that states
satisfying M are visited infinitely often. This is a significant difference compared to
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marked states in CIF, which only require the existence of a path to a marked state.
Lastly, and most notably, there is no concept of events in a TS. Events are fundamental
in supervisor synthesis, as all definitions are based on languages, for which events are
the building blocks.

7.7.2 Synthesis Properties Comparison

With respect to safety, controllability, non-blockingness, and maximal permissiveness,
the authors do not explicitly define these properties in their work. However, we can infer
their definitions based on the context of supervisor synthesis. Safety can be inferred to be
defined such that the controlled system only satisfies the safety requirements specified in
LTLy. Controllability is undefined as there are no events in a TS. Non-blockingness can
be inferred to be defined such that from every reachable state, states satisfying a marked
state condition (e.g., M) can be reached infinitely often. The authors additionally
require the controlled system to be deadlock-free, meaning that from every reachable
state there exists at least one outgoing transition. Regarding maximal permissiveness,
the authors accept a supervisory controller when it ensures deadlock-freeness and adheres
to LTL, requirements. However, there is no notion of maximal permissiveness as defined
in Definition [6.24]

7.7.3 Liveness Specification Capabilities

The capabilities for specifying liveness requirements are similar to [35], as LTL\o re-
quirements can specify that states satisfying a marked state condition (e.g., M) must
be visited infinitely often. This liveness requirement is, likewise, stricter than the one
required by RWS, as defined in Section

7.7.4 Limitations

The authors mention as limitation that their approach is restricted to LTLyg, but this
enables the strength of their approach, which is the use of stutter bisimulation ab-
straction. However, this abstraction comes at the cost of another limitation, which is
the runtime overhead of supervisory controller execution. The supervisor must consult
runtime history and the current state to determine whether it must transition to an-
other state group or not. Synthesis using regular bisimulation abstraction [45] offers a
controller which maps control decisions “significantly faster”, according to the authors.
However, no concrete performance differences are provided.

Such overhead in supervisory controller execution is not present in the context of
CIF. Furthermore, as mentioned previously, CIF currently does not keep track of past
states either. The biggest limitation regarding applicability to CIF is the lack of events
in a TS. Events are not only fundamental in CIF, but to supervisor synthesis in RW-
framework in general. As all definitions are based on languages, for which events are
the building blocks.

Regarding the limitation of LTL specifications for synthesis in general, as discussed
in Section [7.6.4] the authors overcome this by, likewise, forcing progress to states which
require such due to LTL liveness requirements (e.g. G(F(¢))).

In summary, while [34] introduces an interesting abstraction technique for LTL syn-
thesis, its lack of events and differing definitions of non-blockingness and maximal per-
missiveness make it less suitable for our purpose.
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7.8 Model-based Approach for Synthesis with Safe LTL

In the work of [43], the author translates safe LTL formulas to Deterministic Biichi
Automata (DBA) [22] which are composed with a plant to form a specification which
in turn can be synthesized to construct a supervisory controller. In the subsequent
subsections we evaluate [43] based on the four guiding questions outlined in Section

7.8.1 Specification Formalism Comparison

The author of [43] defines multiple constructs to model plants and specifications. In
this section we will focus on Finite State Automaton (FSA) and safe LTL as they are
most relevant to our evaluation. The author formally defines an FSA as a 4-tuple
A=(Q,%, E,q) where:

e (Q: The finite set of states.

e X: a finite set of events (the alphabet), partitioned into two disjoint sets: 3. for
controllable events and ¥, for uncontrollable events, i.e., ¥ := ¥ .UX,,, .NZ, = 0.

e F:@Q x X — Q: The state transition relation.
® go € @: The initial state.

There are notable differences between an FSA and an EFA in CIF (Definition [6.1)).
Firstly, there are no variables in an FSA, and consequently neither guards nor assign-
ments on transitions. This can be mimicked, as described previously, by modeling each
combination of variable valuations as separate states in the FSA. Secondly, there are
no marked states in an FSA, where marked states are fundamental in CIF. This is a
more fundamental limitation, which we will address in synthesis properties comparison
section. Lastly, there is only a single initial state in an FSA, while CIF supports multi-
ple initial states. Similar to CMG (Section , multiple initial states can be mimicked
by introducing a new initial state and connecting it to the intended initial states using
controllable transitions.

Additionally, requirements can be modeled using safe LTL formulas over the states
of the FSA. Such formulas are translated into DBA which are then composed with the
plant FSA to form a specification for synthesis. Safe LTL is a subset of LTL where
the eventually operator F' and until operator U are not allowed. The omission of these
(liveness) operators ensures that all safe LTL formulas can be translated to DBA which
are closed under union. Closed under union in this instance means that there are no
strongly connected components composed solely of non-accepting states. Such compo-
nents would allow for infinite runs that never reach an accepting state, violating the
LTL property. Consider for example Figure [§] with strongly connected component S,
accepting state S7, and infinite run constructed by eg.

7.8.2 Synthesis Properties Comparison

The author’s synthesis definitions align with classical RW-synthesis properties except for
non-blockingness. Safety is defined such that the controlled system only allows sequences
of events which adhere to the safe LTL specification and the plant. Controllability is
defined such that the supervisor cannot disable uncontrollable events. Since there are no
marked states in an FSA, non-blockingness is defined differently compared to classical
supervisory control theory: Non-blockingness is defined such that the controlled system
is deadlock-free, meaning there is always a possible transition from every reachable state.
Maximal permissiveness is defined such that the minimal restrictions are imposed on the
controlled system while ensuring safety, controllability, and deadlock-freeness.
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7.8.3 Liveness Specification Capabilities

The author does not describe how liveness requirements can be specified, other than
“something” must always be possible due to deadlock-freeness. Consequently, the live-
ness requirement of RWS, as defined in Section [7.3] cannot be specified using safe LTL.

7.8.4 Limitations

The most apparent limitation is the restriction to safe LTL formulas and the lack of
liveness requirements in general. Nevertheless, the author provides a valuable model-
based perspective on synthesis with LTL specifications.

7.9 Summary of Findings

This section summarizes the key findings from the covered literature on the topic of
liveness specification in supervisor synthesis. Table [I| provides an overview of the vari-
ous approaches discussed, highlighting the answers to the guiding questions outlined in
Section [7.:3] Maximally permissive is abbreviated as maz. permissive in the table. In
the RW-properties column, when a property is not listed, it means the approach does
not guarantee that property.

From the table, several observations can be made regarding the state-of-the-art in
liveness specification for supervisor synthesis. Firstly, it is clear that a variety of speci-
fication formalisms are employed across the different approaches, there is no universally
adopted formalism for liveness specification in this context. This is probably due to the
diverse requirements and constraints of different application domains.

When freedom in the controlled system is desired with guarantees on liveness in the
form of reachability, approaches based on CTL or multitasking are suitable. However,
full CTL is not (always) compatible with CIF and RW-synthesis in general due to
scenarios when there are incomparable solutions, as discussed in Section This
breaks the uniqueness of maximal permissiveness as defined in classical RW-synthesis
(Definition [6.24)).

Compared to CTL, stronger liveness guarantees can be achieved using LTL-based
approaches, in the form of infinitely often visiting desired states. But this comes at
the cost of imposing significant restrictions on the possible behavior of the controlled
system, as described in Section [7.6.4] Consequently, the LTL-based approaches, except
for safe LTL [43], are not maximally permissive.

When looking at the compatibility with CIF, [I3] and [33] seem most suitable. Both
sources link their approach directly to the RW-framework [6] and mostly align, or can
be adapted to align, with CIF’s modeling constructs. With respect to applicability to
the RWS case study (Section, similarly, these two approaches appear most promising.
As described in Section [b] and more precisely in Section RWS requires that multiple
states remain reachable in the controlled system. This property can be expressed in the
approach of [13] by coloring all desired states with a different color, and in the work of
[33] by specifying multiple AG EF ¢ CTL requirements, where ¢ represents a desired
state.

Lastly, we want to mention [43] as its interesting approach utilizes modeling con-
structs to express temporal logic properties. However, this approach faces limitations
as it does not consider liveness requirements.

To conclude, while several approaches exist for specifying liveness in supervisor syn-
thesis, each with its own strengths and weaknesses, the work of [13] and [33] clearly
stand out as the most compatible with CIF and applicable to the RWS case study.
However, both approaches are not fully aligned with CIF and consequently we refine
the global research question described in the introduction (Section |3) to the following
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sub-research question: How can the work of [13] and [33] be adopted in CIF? While
we partially answered this question in Subsections [7.4] and a complete answer will
be provided in Section Furthermore, the work of [43] inspired us to explore the
possibility of expressing the liveness requirement required by RWS using existing CIF
constructs. This inspiration led to the following sub-research question: If possible, how
can the liveness requirement of RWS be expressed using existing CIF constructs? We
will likewise provide a complete answer to this question in Section
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Source Specification RW Properties Liveness Logic RWS Requirement Main Limitations
[13] CMG Safety Colors (multitasking) Yes (via colors) No variables
Controllability Single initial state
Non-blocking
Max. permissive
[33] LTS Safety AG(N\;pi NN\; EF(p;))  Yes No non-determinism
CIR (CTL subset) Controllability Limited CTL support
Non-blocking No initial state predicate
Max. permissive
[35] DES Safety G(P -\, F(M;)) No (stricter) Very restricting
Canonical LTL Controllability Not max. permissive
Different non-blocking
[34] TS Safety LTL without next (X)  No (stricter) Very restricting
LTL\o Different non-blocking Not max. permissive
Runtime overhead
No events
[43] FSA Safety Only deadlock-freeness ~ No (safety only) No liveness require-
Safe LTL (no F, U) Controllability ments

Max. permissive

Table 1: Overview of covered approaches for liveness specifications in supervisor synthesis.



8 Proposed Approaches

In this section, we present two approaches based on the findings from the literature
study in Section [7] First, we demonstrate how the approaches of [I3] and [33] can be
combined to extend the liveness capabilities of CIF as to solve the challenge faced by
RWS (Sections [5{and . Secondly, we explore the possibility of expressing the liveness
requirement of RWS using existing CIF constructs, leading to a novel approach which
solely uses concepts of classical RW-synthesis. This second approach is inspired by the
work of [43].

The first approach is detailed in Section [8.1] while the second approach is outlined
in Section 822} For both approaches, we first provide an introduction followed by an
explanation of the CIF code and the intuition behind it. Afterwards, we provide a
formal definition of the approach. As we believe the second approach to be novel, we
provide a proof of its correctness in Section [9}

8.1 Reachability Requirement Annotation

We combine the approaches of [I3] and [33] by utilizing the algorithmic approach of
[13] with the expressiveness of [33]. Every property that must remain reachable in
the controlled system will be denoted as a task, such that AG EF task holds in the
controlled system, if the controlled system is total (Definition . This CTL formula
ensures that from every reachable state in the controlled system, there exists a path to a
state satisfying the task, which is precisely the liveness requirement needed by RWS (as
defined in Section[7.3). We slightly deviate from the semantics of CTL (Definition
in this approach as we do allow the controlled system to be non-total. The reason behind
this decision is the fact that CIF already allows marked deadlocks (a marked state with
no outgoing transitions) in the controlled system. When a guarantee on the totality
of the controlled system is required, the approach outlined in Section |8.2| can be used
instead.

8.1.1 CIF Code and Intuition

To specify multitasking in CIF, we introduce the @requirement:reachable(task) an-
notation. This annotation indicates that a state satisfying the given predicate (task)
must remain reachable in the controlled system. The prefix “@requirement:” distin-
guishes it from other annotations and enables grouping it with possible future annotation-
based requirements. Listing [3] shows an example of how RWS could use this annotation
to specify that a generic lock gate must remain openable and closeable. Please note that
this is a simplified example for illustrative purposes.

48



1
2
3
4
5
6
7
8

9
10
11
12
13
14
15

—
— O © 00 O Uik Wi

—_

group GenericLock:
group UpperHead:
group DoorNamel:
@requirement:reachable (open)
@requirement :reachable (closed)
plant Actuator:
location off:
initial; marked;
edge c_open goto open;
edge c_close goto closed;
location open:
edge c_shutdown goto off;
location closed:
edge c_shutdown goto off;

Listing 3: Simplified GenericLock highlighting multitasking syntax in CIF.

@@requirement:reachable(GenericLock.UpperHead.DoorNamel.Actuator.
open)

@requirement :reachable (UpperHead.DoorNamel.Actuator.open)
group GenericLock:
@requirement :reachable (DoorNamel.Actuator.open)
group UpperHead:
@requirement :reachable (Actuator.open)
group DoorNamel:
@requirement :reachable (open)
plant Actuator:

Listing 4: Reachability annotation expressing the same requirement.

The annotation can be attached to various CIF constructs to enable references with-
out the need to provide the full namespace. Listing [4] illustrates this aspect as it shows
how the same reachability requirement can be expressed in five different ways. The first
annotation (line 1) is attached to the specification itself by placing it at the top of the
file and prefixing it with an additional “@”. The subsequent four annotations (line 3, 5,
7, and 9) highlight how the predicate name length shrinks the closer the annotation is
placed to the construct it refers to.

The syntax of annotations differs from the original color markings used in [13]. In
their approach, individual locations are marked with colors to indicate which locations
must remain reachable. Since CIF specifications can contain variables and complex pred-
icates over locations, we opted for a more flexible annotation approach using predicates.
This change in syntax was inspired by the expressiveness of the liveness requirements
in [33].
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8.1.2 Formal Definition

In the work of [33], we have seen that EFA-like constructs can be transformed to FAs by
flattening all possible variable valuations. This is likewise observable in the definition
of an EFA (Definition for which its full state-space is given by the product of its
locations and possible variable valuations. We use this property to employ the algorithm
of [I3]. More specifically, we use the work of [46], which provides a clear description of
how to add multitasking to RW-synthesis.

Multitasking can be added to CIF’s synthesis loop (Section by introducing an
additional backwards reachability search per task, as shown in lines 5-7 of Algorithm
These additional searches ensure that all tasks remain reachable in the controlled system
by strengthening initial state predicates or guards on transitions to states for which this
property is violated. Similar to how safety and non-blocking requirements are enforced,
line 8 now additionally ensures that no states are reachable in the controlled system
that lead uncontrollably to a state from which a task can no longer be fulfilled. In
other words, states are removed if an uncontrollable event can lead from that state to
another state from which no path exists to any state satisfying the task. This ensures
controllability is maintained while guaranteeing task reachability.

By adding reachability annotations to CIF and adapting the synthesis algorithm
accordingly, we enable the specification and synthesis of supervisors that ensure multiple
liveness properties are satisfied in the controlled system. This provides RWS with the
necessary liveness guarantees to solve their challenge (as described in Sections [5|and
while maintaining compatibility with CIF’s modeling constructs and the RW-framework.
The reachability annotation has been added in CIF version 10.0.

Algorithm 3 Multitasking Symbolic Supervisor Synthesis (MSSS), originally from [9]
with adaptations for multitasking from [46].

Input: Specification SEFA M = (V, D, X, E, py, pm), forbidden states py over V, and
tasks T over V.
Output: Controlled-system SEFA S.
1. C+ —pF
2: repeat
C'+C
C < BRS(pm, E,C)
for all t € T do > Additional loop to enable multitasking.
C + BRS(t, E,C)
end for
B+ BRS(—-C, E,, true)
C <+ -B
10: C + FRS(po, E,C) > Optional step.
11: until C = C’
12: for all e € E with o € 2. do
13: g < g A relprev(e, C)
14: end for
15: S «+ (‘/Y,D,Z,E,po AC,pm A C)

© P NP W
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8.2 Reachability Requirement Automaton

Inspired by the work of [43], we explored expressing the liveness requirement needed
by RWS using existing CIF constructs. This led to what we believe to be a novel and
elegant approach that relies solely on classical RW-synthesis concepts. The CIF code
for this approach is given in Listing [f| and its EFA representation in Figure [0} We first
cover the CIF code and intuition in Section [8.2.1] after which we formally define the
approach in Section Subsequently, we provide a correctness proof in Section [9}

8.2.1 CIF Code and Intuition

Line 1 of the CIF model displayed in Listing [5| uses a requirement automaton definition
(Section to enable multiple instantiations of the automaton with different predicates
¢ (phi in the CIF model). In line 2, the uncontrollable event t is defined, which is the
only event used in the automaton. Afterwards, in lines 3-8, two locations g4 and gyg
(9-g and q.ng respectively in the CIF model) are defined. g, is the initial and marked
location which includes a t-transition to ¢ that is always enabled (line 5). On the
other hand, g, is neither initial nor marked and contains two ¢-transitions: one defined
in line 7 with guard ¢ leading back to g4, and another in line 8 as self-loop with guard
—¢ to make sure there is always an enabled ¢-transition.

The core idea is to instantiate a small requirement automaton for each predicate ¢
that must remain satisfiable in the controlled system, effectively enforcing AG EF ¢.
This automaton uses controllability (Definition and non-blockingness (Defini-
tion to ensure that states from which ¢ is not reachable can transition uncon-
trollably to blocking states. Because uncontrollable transitions cannot be disabled (Def-
inition, these blocking states must be removed by strengthening guards of previous
controllable transitions or by restricting initial state predicates.

This approach can be used by RWS to ensure a waterway lock gate is both openable
and closable by including the requirement definition of Listing [5| and instantiating it
twice, as shown in Listing [6] Note that, similar to the reachable annotation displayed
in Listing [4] this is a simplified example for illustrative purposes.

In this subsection, we provided an intuitive explanation of the CIF code for the
reachability requirement automaton. We defined an automaton definition which can
be used to instantiate requirement automata that leverage classical RW concepts (con-
trollability and non-blockingness) to enforce the liveness requirement needed by RWS.
Next, we provide a formal definition of the approach, which we use in the correctness
proof in Section [9}

requirement def AGEF (alg bool phi):
uncontrollable t;
location q_g:
initial; marked;
edge t goto q_ng;
location q_ng:
edge t when phi goto q_g;
edge t when not phi;
end

Listing 5: Reachability requirement automaton in CIF.
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R1 : AGEF(GenericLock.Upperhead.Doornaml.Actuator.open);
R2 : AGEF (GenericLock.Upperhead.Doornaml.Actuator.closed);

group GenericLock:
group UpperHead:
group DoorNamel:
plant Actuator:

location off:
initial; marked;
edge c_open goto open;
edge c_close goto closed;

location open:
edge c_shutdown goto off;

location closed:
edge c_shutdown goto off;

Listing 6: Instantiations of the reachability requirement automaton (Listing|[5]) for RWS.

8.2.2 Formal Definition and Supporting Properties

In this subsection, we begin by formally defining the function R4ggre, which we intro-
duced in the previous subsection as a requirement automaton definition. We will denote
automata produced by this function as Rg. Afterwards, we describe plantification and
parallel composition of EFAs produced by Ragrre. Subsequently, we establish a simu-
lation relation between an arbitrary specification and that specification composed (Def-
inition with Rg. We will use the formal description and properties established in
this section as building blocks for the correctness proof in Section @ Formally, RagEerg
is defined as a function producing EFAs (Definition as follows:

Definition 8.1 (Ragrre). Consider a function Ragrre that takes a predicate ¢ and
a specification EFA M as input and outputs a requirement EFA defined as:

RAGEF¢(¢7M) = (QvMD7EaE7p07pm) where:
Q= {qg» Ang }

D :=Dj; (no variables introduced, shared with the specification).

V := Vi (no variables introduced, shared with the specification).

Y= ¥, UY,.

Yy i={t} where t ¢ 3.
e =0

E:=/{

(gq,t, true, false, ¢,y),
(Gng,t, ¢, false, qq),
(Gng,t, "¢, false, gng)

}.

po:={qg}-

pnz:::{QQ}~

Furthermore, we forbid any specification M from referencing locations g4 and ¢ng4, as
this could interfere with the intent of the requirement.
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Figure [9] shows a graphical represen- t when —¢
tation of Ry. In this figure, ¢ is the RN
uncontrollable transition unique to Rg. t when ¢ . )
This figure highlights the simplicity of R
Ry, which only consists of two states and
three transitions. Nevertheless, as we will
show in Section [g] it effectively influences
synthesis to enforce AG EF' ¢ in the con-
trolled system. But first, we will estab-

lish two supporting properties that will be
used in the correctness proof.

Figure 9: Graphical representation of EFAs
resulting from Ragerge.

Plantification Since the output Ry of Ragrre is a requirement automaton, it will
be plantified before being composed with other plants and requirements (as described in
Section. We will establish in the following proposition that this process will not in-
troduce any state/event exclusion invariants. This property is important in establishing
safe language equivalence outlined in Section [9.1]

Proposition 8.2 (Plantifying outputs of Rsggrs does not result in state/event exclu-
sion invariants). Consider Ry as the result of Ragers given a predicate ¢ and spec-
ification M. Then, plantification of Ry will not introduce any state/event exclusion
mariants.

Proof. In both locations of Ry, ¢4 and ¢4, there is always an edge where ¢ is enabled.
For g4, t is enabled when the current location is g4 since the guard is simply true. For
Gng, t is enabled when the current location is g,4 and ¢ V —¢ holds, which is always
true. Since both guards always evaluate to true, the combined guard evaluates to
true. Therefore, no extra self-loop edges are generated during plantification and thus no
state/event exclusion requirement invariant is generated for R4, making the relabeling
from requirement to plant the only difference after plantification. O

Parallel Composition After plantification, R4 can be composed in parallel (Def-
inition with other EFAs. The parallel composition M’ of EFA M and R, :=
Racrere(¢, M), given a predicate ¢, is then defined as M’ := M||Ry, following the
rules of parallel composition (Definition . The components of M’ are derived as
follows:

® Qun = Qum X Qr, = Qn X {dg, Gng}-

o Vi =V

e Dy = Dy

o Sar =Xn USg, = Sy U{t}, with ¢ & Sy
® po,m’ = Po,M N Po,R,-

® Dm,M’ = Pm,M N Pm,Ry-

e Ep: As the alphabets of M and Ry are disjoint (X3 N Xg, = (), the transition
relation Ej; combines transitions unique to M and transitions unique to Ry as
follows:

— For events o € Xps: If M has a transition (qas, ga,7am, 0, U, ¢hy), then M/

will have a transition ((qar,qr,), 90,70, 05U, (@hr,qr,)) for each gr, €
QR,- In this case, the state of Ry remains unchanged.
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— For the event t € X : If Ry has a transition (qu)?ng),er),t,uqub(p),
then M’ will have a transition ((qar,qr,), R, "Rys t UR,, (q0r, qﬁ,%)) for each
qm € Q- Here, the state of M remains unchanged.

Simulation Relation To demonstrate that M’ preserves the language, states, and
predicate evaluation of M, we establish a simulation relation (Definition [6.16) between
the two EFAs.

Proposition 8.3 (M is simulated by M’). Consider an EFA M, a predicate ¢, Ry :=
Racere(¢, M), and M’ := M||Ry. Then M is simulated by M’', i.e., M < M'. Con-
sequently, the language of M is equivalent to that of M’ after projection: L(M) =
Projy,  (L(M'")).

Proof. We construct a simulation relation (Definition|6.16]) Sim C X x X as follows:
for every state xp; € Xaz, we include (zar, (€ar, 2R, )) € Sim.

1. Initial states: For any initial state x s € X9, the corresponding initial state in
M’ is (xo,n,4qy) (since g3 <= po,r,). Thus, the initial condition for simulation
holds.

2. Predicate satisfaction: For any state z,; of M and any predicate p satisfied
in xps (zar = p), there exists a corresponding state (za, 2r,) € X, such that
(rapr,2R,) = po By simulation (Definition , p must be a predicate over X
and is therefore not influenced by zg,, hence zar =p = (zum,7r,) F -

3. Transition preservation: For any transition zjp; ~ z, possible in M with
o E XN

e Since o € Xy, 0 is necessarily not in ¥, (Definition|8.1). Then, as described
in the parallel composition of Ry if x5 = 2y, is possible in M, there
exists a possible transition (zar,zg,) = (¢, R,) in M’

e The guard, error predicate, and update function are identical to those in M,
ensuring the same transitions are enabled.

e Thus, if (zar, (xar, TR,)) € Sim, then there exists a transition (zar,zg,) =
(2%, 2R,) in M’, and by our relation, (z, (%, 2R,)) € Sim.

4. t does not modify M: The event t € X » is not included in ). Transitions
involving ¢ in M’ only modify the R, component and interleave with transitions in
M. Therefore, from the perspective of 3, the event ¢ is invisible to the simulation
relation.

This construction demonstrates that M < M’. Consequently, every word w € L(M)
is also possible in M’. Additionally, any word in L(M") projected onto Xy corresponds
to a run in runs(M,L(M)) (since R4 does not impose restrictions on M and only
transitions within the M component change its state). Thus: L(M) = Projy, (L(M')).

O

In this subsection, we provided a formal definition of the reachability requirement
automaton generating function Ragere and established two supporting properties. We
will now use these properties to prove the correctness of the approach in the following
section.
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9 Ruagery Correctness Proof

The goal of this section is to prove that Ragrres correctly produces a requirement
automaton Ry which, when composed with the specification, enforces AG E'F ¢ to hold
in all initial states of the synthesized controlled system.

Consider a specification M, an arbitrary predicate ¢, a requirement automaton
Ry = Racers(¢, M), a combined specification M’ := M| Ry, the forbidden state
predicate py for M’, a supervisor S" := Synth(ToSEFA(M'),py), and a controlled sys-
tem C’ := M'||S’. We will prove that KS(C’, L(C")) = AG EF ¢ holds (Theorem [9.15)
in a maximally permissive manner. Recall that by definition the definition of CTL (Def-
inition [6.31)), KS(C’, L(C")) £ AG EF ¢ holds iff AG EF ¢ holds in all initial states of
.

This correctness proof is structured according to the three fundamental properties
that supervisors must satisfy: safety, controllability, and non-blockingness. We analyze
how R4 influences each property and demonstrate that these influences collectively en-
force AG E'F ¢ in a minimally restrictive manner. Maximal permissiveness follows as a
consequence of these properties.

We will now provide an overview of how Ry influences each property before present-
ing the formal proofs in the following subsections. With respect to safety (Sectiom7
R, does not contribute to the forbidden state predicate ps and simulates M, so there-
fore the safe language of M is preserved after projecting away ¢ (Theorem [9.3)). Hence,
no additional safety restrictions are imposed by Rs. Regarding controllability (Sec-
tion 7 R4 does not impose any direct restrictions on the uncontrollable transitions
of M (Theorem [9.4). It only introduces its own unique uncontrollable event ¢ € ¥, g,
which is always enabled. For non-blockingness (Section , R, includes an un-
marked location g,, that is always reachable via the uncontrollable transition ¢. To
satisfy non-blockingness, synthesis must ensure a path back to a marked location exists
from every reachable state. In Ry, the only path from g,, to the marked location g,
requires ¢ to hold. This forces synthesis to restrict the specification such that from every
reachable state, a state satisfying ¢ remains reachable, thereby enforcing AG EF ¢. Fi-
nally, maximal permissiveness (Section is preserved because Ry only influences
non-blockingness by imposing the minimal restrictions necessary to satisfy AG EF ¢,
without affecting safety or directly influencing controllability.

9.1 Safety

We will show that the addition of R4 fully maintains the safe language after projecting
away t. The safe language of an EFA M is determined by three factors: the language
L(M), the reachable states States(Runs(M,L(M))), and the forbidden state predicate
ps, as can be derived from the safe language definition (Definition [6.19): Ls(M) :=
{weL(M)|Vxe States( Runs(M,{w}) > tz = -pr}. M and M will be compared

on all three aspects in the following sections where we conclude in Theorem that the
safe language is preserved after projection: Ly(M) = Projs, (Ls(M’)).

9.1.1 Language Preservation

From the simulation relation M =< M’, we have already established that L(M) =
Projs, (L(M')), in This ensures that any word possible in M (with respect to
) is also possible in M’, and any projected word from M’ corresponds to a possible
word in M.
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9.1.2 Reachable State-Space Preservation

The parallel composition M’ := M || Ry constructs the state-space as Xy = Xy x Xg,,.
For every state x3; € Xy reachable in M, there exists a corresponding state (was, gr,) €
X reachable in M’ for some qr, € {qg,qng}. The simulation relation M =< M’
(Proposition guarantees that every run in Runs(M, L(M)) has a corresponding

run in Runs(M’, L(M)), which means that States (Runs(M, L(M)))

{:EMGXM‘

Jqr, € Qr, : (Tam,qr,) € States(Runs(M’,L(M’)))}.

Additionally, since the event ¢ only changes the R4 component and does not affect
the M component, any reachable state (zar, qr,) € Xy corresponds to a state 27 that
would be reachable in M through a word of L(M). Therefore, all reachable states of M
can be reached by Projs, (L(M')), as L(M) = Projy,, (L(M')) by [9.1.1}

9.1.3 Forbidden State Predicate Preservation

Lemma 9.1 (R, solely introduces a location pointer variable). Consider a specifica-
tion EFA M, a predicate ¢ over the state of M, and a requirement automaton Ry :=
Racere(¢, M). Then, during the transformation from an EFA to a SEFA, Ry only
introduces a variable implicitly, in the form of a location pointer.

Proof. By Definition Ry is constructed without adding explicit variables. Defi-
nition [6.13] shows the EFA to SEFA transformation represents state through location
pointers, and no other variables are introduced. Thus, after Ry is transformed to a
SEFA, only the location pointer is introduced. O

Proposition 9.2 (Forbidden state predicate preservation). The forbidden state predi-
cate of M' always evaluates to the same truth value as that of M, i.e., py, ., = ps -

Proof. The computation of a forbidden state predicate p; consists of four steps, as
described in section pf,, is logically equivalent to py,, in all four steps:

1. p, is computed by the conjunction of all requirement invariants. p, pr = pr s,
because the addition of Ry to M does not introduce invariants, as proven in [8.2}

2. py is initialized as —p,, since p, p = pr v implies pr arr = py v, in this step.

3. py is updated with a predicate representing states for which requirements’ variables
go out of range. R, only introduces a location pointer variable (implicitly), by
lemma[0.1] However, by construction of location pointer variables during lineariza-
tion they can never be updated outside their range. Implying, ps ar = py,ar,
in this step.

4. In the final step, states from which there exists an uncontrollable transition to a
forbidden state are also considered forbidden and added to ps. By Definition
the states of Ry are not forbidden, as they cannot be referenced by other EFAs in
the specification and are also not considered forbidden by Ry itself. Furthermore,
the uncontrollable transitions of Ry are also not forbidden, as they are always
enabled (Proposition . Concluding, py pr = py,ar also holds in this final step.

O
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9.1.4 Safe Language Equality After Projection

Theorem 9.3 (Safe language preservation). Consider a specification EFA M, a predi-
cate ¢ over the state of M, a requirement automaton Ry = Ragrrs(9, M), and a com-
bined specification M’ := M||Ry. Then, the safe language of M is preserved under the
parallel composition with Ry, after projection onto Xy, i.e., Projs, (Ls(M')) = Ls(M).

Proof. By Definition the safe language of M is given by:
Ly(M)={we L(M) |z € States(Runs(M, {w})) : x |= —ps }.

From language preservation (Section 9.1.1), L(M) = Projy,, (L(M')), it follows that:
Ly(M) = {w € Projs, (L(M")) | z € States(Runs(M, {w})S cx = pp b

From the simulation relation M < M’ (Propostion follows reachable state preser-
vation and state predicate preservation, therefore:
Ls(M) = {w € Projy,,(L(M")) | # € States(Runs(M’, {w})) : # = —pys,um }

From forbidden state predicate preservation (Proposition , where pr v = Py,
it follows that:
Ls(M) = {w € Projy,,(L(M")) | # € States(Runs(M’, {w})) : = —ps.ar }.

We will now show that the right hand side is equivalent to Projy,  (Ls(M’)).

By Definition the safe language of M’ is given by:
Ls(M') = {we L(M) |z € States(Runs(M’, {w})) : @ = —ps - }.

Consider a word w - ¢ - v in Ly(M’). By Definition the forbidden state predi-
cate py v should not hold for all states along the run:
Va € States(Runs(M’,{w - t-v})) : & = —psar.

Since ¢ does not influence the truth value of ps p (Proposition , the states along
the run of w - v also satisfy —py - :
Va € States(Runs(M’,{w-v})) : z |= —psm.

As t is always enabled in M’ (Proposition and it interleaves with all other events (by
Definition , we can omit it from a word in the language and still have a valid word of
the language. That is, if w-t-v € L(M’), then w-v € L(M'). By Definition[6.19} L,(M’)
is constructed from all possible words L(M'), by filtering out words that lead to forbid-
den states. Therefore, w-v also belongs to Ls(M’), i.e., Vw-t-v € Ly(M') : wv € Lg(M').

This means that we can project away ¢ from the language of M’ in the construction
of Ly(M') and get Projy,,, (Ls(M')) (recall that Xy = X \ {t}):
Projs,, (Ls(M')) = {w € Projy,, (L(M’)) | « € States(Runs(M’,{w})) : x |= —ps.a }

Since we have proven that the right hand side is equivalent to Ls(M), we conclude:
Projs,,, (Ly(M")) = L,(M). O

9.2 Controllability

We now show that the addition of Ry := Ragrre(¢, M) to EFA specification M through
parallel composition does not impose any new restrictions on the uncontrollable tran-
sitions of M. Intuitively, Ry acts as a passive observer: its own uncontrollable event ¢
is always enabled (as described in the plantification, Definition , and it interleaves
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with events of M since their alphabets are disjoint. Hence, the controllability properties
of M are fully preserved in M’ := M||Ry.

Theorem 9.4 (Controllability preservation). Consider a specification EFA M, a pred-
icate ¢ over the state of M, a requirement automaton Ry := Ragrre(¢, M), and a
combined specification M' := M||R4. Then Ry does not directly restrict any uncontrol-
lable transitions.

Proof. This property follows from four established properties:
1. The simulation relation M < M’ (Proposition .

2. The disjoint alphabets, ¥, N Xy = () (by construction, Definition [8.2.2)).
3. Safe language preservation (Theorem [9.3]).
4. t is always enabled (by Proposition [8.2)).

From the simulation relation, every transition in M (including uncontrollable transi-
tions) has a matching transition in M’ over the same event. Because the alphabets
are disjoint, the parallel composition does not require any synchronization on o € ;.
Hence, each such event remains enabled in M’ exactly as it is in M. In other words, Ry
does not disable any uncontrollable transitions of M.

Finally, as described in Proposition the uncontrollable event t € ¥, itself is al-
ways enabled. Concluding, R4 does not impose any direct restrictions on uncontrollable
events. O

9.3 Non-blockingness

In this section, we prove how the requirement automaton Ry (produced by Racere,
Definition for a specification M and predicate ¢) enforces the liveness requirement
AGEF(¢). We will denote a specification composed with R, as M’, such that M’ :=
M]||Ry. Furthermore, we will refer to the SEFA variants of M and M’ as M*® and M'®
respectively.

Ry is constructed such that from its unmarked state there is only a path to its
marked state when ¢ holds. This utilizes the non-blocking property of synthesis (Defi-
nition which states that a path to a marked state in the controlled system must
always exist. Furthermore, Ry only contains uncontrollable events, and consequently,
by Definition [6.20] its restrictions must be propagated back to controllable transitions or
the initial state predicate. Both aspects combined, influence synthesis in such a manner
as to enforce AG EF ¢ for all initial states in the controlled system.

We divide this proof into three sections, one for each of the theorems:

1. SEFA Equivalent CTL Functions (Section [9.3.1)).
In this section we formally link our (SEFA) approach to CTL semantics.

2. Unsatisfiability of ¢ Causes Blocking States (Section [9.3.2)).
In this section we establish that the addition of R, to a specification results in
uncontrollable transitions to blocking states when ¢ is unsatisfiable.

3. AG EF ¢ is Enforced in the Controlled System (Section [9.3.3).
In this section we combine the proofs of the preceding sections to establish that
AG EF ¢ is enforced in all reachable states of the controlled system.

Figure [10] highlights the most important dependencies of Theorems 9.13] and
[0:15] Please note that this is not a complete dependency graph, as some lemmas and
definitions have been omitted for clarity.
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Figure 10: Graph displaying the most important dependencies of the main theorems
relating to non-blockingness and AG EF ¢.

9.3.1 SEFA Equivalent CTL Functions

In this subsection we establish a SEFA equivalent function for the CTL formula AG EF ¢.
This equivalence is crucial in linking our approach to the well established computational
tree logic, providing a theoretical foundation for our method. We begin by defining
the SEFA equivalents for the CTL operators AG and EF, in Definitions and
respectively. Afterwards, we compose these definitions to form AGFEF in Definition
and prove it is semantically equivalent to AG EF ¢ in Theorem 0.8

Definition 9.5 (Always). Consider a function AG, which takes as input a SEFA M,
where M is total (Definition , a state z € X, and a proposition ¢ and outputs true
iff all reachable states of x satisfy ¢. Formally, we define AG as follows:

AGy(M,z,¢) :=Yw € X}3,,Vrge € X : ((m D 1y) = (14 d)))
Definition 9.6 (Reachable). Consider a function EF; which takes as input a SEFA M,
where M is total (Definition , a state x € X, and a proposition ¢ and outputs true
iff there exists a path to a state where ¢ holds. Formally, we define E'F, as follows:

EF,(M,z,¢) = Jw € ¥y, Jny € Xy : ((x 2y 2g) A (g = ¢))
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Having established AG, and EF;, we can define their composition.

Definition 9.7 (Always reachable). Consider a function AGEF which takes as input
a SEFA M, where M is total (Definition , a state x € X, and a proposition ¢ and
outputs true iff for all reachable states 2’ from x there exists a path to a state where ¢
holds. Formally, we define AGEF; as follows:

AGEF (M, z,¢) := AGs(M,z,\x' .EFy(M,z', ¢))
The semantic correctness of this composition is proven in the following theorem.

Theorem 9.8 (Equivalence to AG EF ¢). Consider a specification SEFA M?#, where
M?# is total (Definition , a predicate ¢ over the state of M, and a Kripke structure
K := KS(M,L(M)). Then, the function AGEFs(M?, x,¢) holds iff the CTL formula
AG EF ¢ holds in the corresponding state of K. Formally:

AGEF,(M?,2,¢) <= ((K,x) |:AGEF¢>

Proof. We will prove both directions of the iff-implication.
Direction 1: AGEF,(M?*,z,¢) = ((K, ) | AG EF (;5)
Assume AGEF;(M?®,x,¢) holds, as otherwise the implication is trivially satisfied. By

Definition this means:
AG (M, z, EF(M,x,$))

From the definitions of AG, and EF, Definition [0.5] and Definition [9.6] respectively,
follows:
Yw € £%,.,V2' € Xage -

(=5 G a0 e o)

By CTL semantics (Definition [6.31)), (K,z) E AG EF ¢ means:
Vr € Runsgs(K,2),Yi > 0: 3r' € Runsys(K,r[d]),3j > 0:7'[j] E ¢

As we assume M?® is total, all of its runs can be extended indefinitely and thus infi-
nite runs are possible in K. Consider any infinite run r = zy — x; — - - - starting from
o = x in Sk, and any state x;, where i > 0. Since AGEF;(M?*, z, ¢) holds, there exists
v € ¥j. and x4 € Xprs such that:

w; = s A (T4 F @)

This path from z; to x4 in M* corresponds (by Definition [6.27)) to a path in K. There-
fore, there exists a run ' € Runsys(K,r[i]) and a j > 0 such that r'[j] = z, and
r'[§] E ¢. Since this holds for any run r and any reachable state x; from z, we derive:

(K,z) = AGEF ¢

Thus we conclude:
AGEF,(M*,z,¢) — ((K, z) = AGEF ¢)

Direction 2: ((K, x) = AGEF gb) = AGEF,(M? z,¢)

Assume (K,z) = AG EF ¢ holds. By CTL semantics (Definition |6.31)):
Vr € Runsys(K,x),Yi > 0: 3r’ € Runsis(K,r[d]),3j > 0:7'[j] E ¢

We need to show that AGEFs(M*,x,¢) holds, i.e.:
Vo' € Xys,Yw € X%, -

((m L) = (e Th., Ty € Xus: (2 D ap) Ay ¢)))
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Consider a state 2/ € X+ and a word w € X%, such that # — a’ is possible in
M?*. By construction of K (Definition [6.27)), this corresponds to a path from x to 2’ in
K. Furthermore, since we assume M? is total, we can reason about infinite runs of K.
Thus:

Ir € Runsys(K,x),3i > 0:r[i] =2

Since (K,z) | AG EF ¢ holds, from state r[i] there must exist a path to a state r'[j]
(j > 0) where ¢ holds:

FH=0:rll=¢

Consider x4 := 7'[j]. Then the path from state r[i] = 2’ to state r[j] = x4 in K
corresponds (by Definition [6.27)) to a sequence of transitions in M*®. This sequence can
be represented by a word v € £%,, such that a’ RS Z4 is possible in M?.

From 7'[j] = x4 and 7'[j] |= ¢ follows:
2y = ¢

Combining these results:
Ju € T4y, qry € Xyt (27 D 1) A (24 | @)

Since this holds for arbitrary ' € Xy and w € ¥%,, with z — 2/, we conclude:
Vo' € Xps,Yw € X%, -

((m L) = (e Th., Ty € Xt (27 D ap) A (g ¢)))

By Definition this is exactly AGEFs(M?,x,¢). Thus:
((K, v) = AGEF qﬁ) — AGEF,(M?,z,¢)

Having established both directions, we conclude that the equivalence holds. O

The function EFy defined in Definition [9.6] will be used in Theorem where
we show that if FF;¢ does not hold for a state in the specification, then there exists
an uncontrollable transition to a blocking state. Furthermore, the equivalence between
AGEF, and the CTL formula AG EF, established in Theorem will be used in
Theorem to prove that AG E'F ¢ is enforced in the corresponding Kripke structure
of the controlled system.

9.3.2 Unsatisfiablility Of ¢ Causes Blocking States

In this subsection, we prove that when EFg¢ does not hold for a state in the specifi-
cation, there exists an uncontrollable transition to a blocking state. This is a crucial
building block in the enforcement of AG E'F ¢ in the controlled system (Theorem .
To establish this crucial building block we first have to lay its foundation in the prove of
several lemmas. We will explain the usage of the consequent lemmas before stating them.

The first lemma demonstrates how —EFy is rewritten into a more suitable form to
prove Theorem [9.13

Lemma 9.9 (Not reachable). Consider a SEFA M, a state x € X, and a predicate ¢.
Then, “EFs(M,x,¢) can be rewritten to mean, for all states reachable from x, ¢ does
not hold. Formally:

—EF(M,z,¢) =Vw € 3,,Vry € X : ((sc Day) = (x4 = —mb))
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Proof.

~EF,(M,z,¢) = —3w € £3;,3x4 € Xpr : (25 34) A (24 = )
= Yw e Xy, Ve € X

= Yw e Z*M,V$¢ € Xy

(
= Yw e Xy, Vo, € X ((:EEHL@) - _‘($¢':¢))
= VwEZ’jM,Vx¢€XMI(

The next lemma establishes that ¢ when —¢ necessarily transitions to an unmarked
state of Ry. This property is important in tying the unsatisfiability of ¢ in a certain
state, to being a blocking state.

Lemma 9.10 (¢ transitions to the unmarked state when —¢ holds). If the current state
does not satisfy ¢ (i.e. ¢ holds), then from both locations of Ry, t necessarily transitions
to the unmarked location qng.

Proof. By construction of Ry (Definition |8.1)), the transitions are
(qg t, true, false, gng), (Gng, t, &, false, qq), (ng, t, —9, false, qng).

From gg4, there is only the t-transition with guard true to gng, so qq4 EN Qng necessarily
follows. From g4, when ¢ does not hold, only the ¢-transition to g,y with guard —¢ is
enabled. Hence, in both locations, ¢ transitions or self-loops necessarily to the unmarked
state gng when ¢ does not hold. O

In the following lemma, we establish that when the marker predicate of Ry does not
hold, the marker predicate of the whole specification does not hold. And consequently,
if a state is blocking with respect to Ry, it is blocking for M|| R, as a whole.

Lemma 9.11 (Marked predicate implication). For the composed automaton M’ :=
M || Ry the marking predicate is pm.pmr = Dm,M A Pm,Rry- Consequently, —pm r, =
“Pm, M’ -

Proof. Parallel composition in this construction conjuncts marker predicates (see Defi-

nition [8.2.2). Hence, by definition, py, a0 = Pm,mr A Pm,r,- If PR, is false, then the
conjunction py, pr A pm,r, is false, which yields —py, r, = —pm m- O

In the next lemma we establish that when R4 is in its unmarked location, the path
to its marked state necessarily includes a state where ¢ holds. This property is crucial in
influencing synthesis in such a manner that ¢ must always be satisfiable in the controlled
system.

Lemma 9.12 (¢ required for marking of R,). From the unmarked location gng of Ry,
@ must hold in order to transition to the marked location gqq.

Proof. By the transition set of Ry (Definition [8.1]), the only transition from g4 to ¢4 is
the t-transition with guard ¢: (gng, t, ¢, false, gg). O

With the preceding lemmas established, we can now tie them together to prove the
main theorem of this subsection. The main theorem states that when EFy¢ does not
hold for a state in the specification, there exists an uncontrollable transition to a blocking
state. In Theorem [9.15] we will use this property to prove that AG E'F ¢ is enforced in
the controlled system.
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Theorem 9.13 (Blocking states). Consider a specification M, a predicate ¢ over the
state of M, a requirement Ry := Racrers(M, @), a composed specification M’ := M|| Ry,
and a SEFA M'® := ToSEFA(M'). Recall that t € ¥, g, is the only and uncontrollable
event of Ry. Then, if EFs(M',x,¢) is violated at state x (no state reachable from x
satisfies ¢), means every state xy, reached from x wvia the t-transition is necessarily a
blocking state, B(M'®, ). Formally:

Vo € Xpps : nEFs (M, x,¢) = (Vmb € Xyt (25 m) = B(M’S,xb))

Proof. We will focus on =EFs(M'®, x, $) and assume it holds, as otherwise the implica-
tion is trivially satisfied.

By Lemma [9.9}
—EF (M, x,¢) =Yw € X%, V14 € Xpps : (7 = 24) = (74 = ).

This means all reachable states from z do not satisfy ¢. Since € is a possible value
of w (by € € ¥%,..), this means z itself does not satisfy ¢ (as x = x by Definition .
Hence:

SEF (M, z,¢) =Vw € 3., V2y € Xaps @ (x |=—9) A ((m D 1y) = (14 = —w;S))

We add t € ¥y g, tow: t-w. The addition of # must be possible as it is an uncontrollable
event, it is always enabled (Proposition [8.2), and it interleaves with transitions of M?®

(by Definition . Therefore:
Yw € 46,V xy € Xppra : (x = —9) A ((m Lo xy) = (xp = —@5))

As z does not satisfy ¢, ¢ transitions to an unmarked state of the R4 component of

M’® (by Lemma [9.10]). Thus:
Yw € E&/S,Vﬁcl,xgﬁ € X

(k-0 A (@b B as) = (@' F pur,) A (@s =-9)))

By Lemma [9.12] ¢ must hold in order for the R, component of M’® to be marked
again. Therefore:

Yw € X3, V2 xy € Xpprs t (x = —¢) A ((osi>x' S my) = (74 ﬂpm,R¢)>

By Lemma when the marker predicate of R4 does not hold, the combined marker
predicate p,, prvs does not hold. Consequently:

Yw € X4,., V2 xy € Xpprs 1 (x = —¢) A ((x SN zy) = (xy = —\pm,M/s)>

This can be simplified to:
Vw € iy, Vol xy € Xape : (2 5 2/) = (x' Day = (v ﬁpm,M/s))

Let us rewrite this formula as follows:
Vo' € Xpps @ (x LN ) =
(Vw S E*M/S7V.T¢ S XM’S s l} Ty — (x(b ': ﬁpm’M/s))

Recall the definition of blocking states (Definition [6.22)):
B(M,z):=VseX* Vo' € X : (z 2 2') = (' I~ pm).

We can plug the definition of blocking states into the rewritten formula as follows:
Vo' € Xy (z 5 2/) = B(M'*,2/)
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Thus we can conclude:
Vo € Xppe : ~EF, (M, z,¢) = (\m € Xppe : (25 1) = B(M’s,mb)) 0

We have established that a violation of FF;¢ for a state in the specification leads
to an uncontrollable transition to blocking states. Synthesis must prevent this from
happening in all reachable states by restricting the specification. This thus translates
the EF¢ property to an AGE Fy¢ property for all initial states of the controlled system.
In the following subsection, we will elaborate further on this enforcement.

9.3.3 AG EF ¢ is Enforced in the Controlled System

Finally, in the subsequent theorem we prove M’s enforces AG EF ¢ in the controlled
system. But first, we prove that a controlled system derived from a specification with R4
is total, as required for CTL semantics. In the proof of Theorem we will combine
the bridge between CTL and SEFA semantics we have established in Section [9.3.1
together with Theorem to demonstrate that synthesis will restrict the specification
such that AG E'F ¢ holds for all initial states of the controlled system.

In the next lemma we prove that the controlled system including R, is total (Defi-
nition . Recall that totality ensures all runs can be extended indefinitely, which is
essential for CTL semantics.

Lemma 9.14 (Controlled system is total). Consider a specification M, a predicate
¢ over the state of M, a requirement Ry := Racere(M,¢), a composed specification
M' := M||Ry, and a controlled system C' := M'|| Synth(M',ps ). Then, C' is total
(Definition , meaning there always exists an enabled outgoing transition for every
state.

Proof. In Proposition@we have established that transition ¢ € ¥, is always enabled.
t in fact is uncontrollable, i.e., ¢ € ¥, pr. By the definition of controllability (Defi-
nition , uncontrollable transitions cannot be restricted in the controlled system,
when they are unrestricted in the specification. Hence the controlled system C’ remains
total. O

Theorem 9.15 (AG EF ¢ is enforced). Consider a specification EFA M, a predicate
¢ over the state of M, a requirement automaton Ry = Ragrere(¢, M), a combined
specification M' := M || Ry, the forbidden state predicate py for M’, and a controlled
system C' := M'| Synth(ToSEFA(M'),p¢). Then, Yz € X2, : (KS(C',L(C")),z0) E
AG EF ¢ holds.

Proof. By Definition
(Vmo € X0, : (KS(C', L(C")), x0) = AG EF ¢) = (Vmo € X0, : AGEF,(C", xo, ¢>))

Furthermore, in Lemma [9.14] we have established that C” is total, meaning all its runs
can be extended indefinitely, which is required to preserve CTL semantics.

We prove AGEF;(C’,xg,$) by contradiction. Assume there exists an initial state
zo € X2, such that AGEF,(C', 0, ¢) does not hold. Then we derive:
Jzg € X& : 32’ € X, Fw € B, ¢

((Jcoi)m’)/\(VveZ*,,quﬁech:((x’i>x¢) — (4 = —0) )))

By lemma [0.9}
Yv € Eg,,Vx(z, € Xer ( (1’/ RN CU¢) - (£U¢ ): —\(ZS) ) = —\EFS(CI,LE/7¢)
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Hence, ~EF;(C’,z', ) can be inserted to simplify the formula to:
Jzo € X2 1 32’ € Xev,Jw € B, ((xo s a’) A ﬂEFS(C’,m’,qS))

By Theorem when —EF,(C',2',¢) holds, t € X, r, transitions to a blocking
state. In Proposition [8:2] we have established that such a transition is always possible.
Combining both aspects we derive:

" € Xev: (2 5 2) AB(C', 2")

By the definition of controllability (Definition [6.20])), uncontrollable transitions cannot
be restricted when they are unrestricted in the specification. Hence, the transition

(' Ly ) must also exist in C’. Therefore:
Jwo € X9, Ja" € Xov, w € B ((xo Wl 2" A B(C’,x”))

As result of the truth assumption we derived the existence of a path to a blocking
state. However, this is a direct contradiction of Lemma [6.23] which states:
Vx € States(runs(C,L(C))) : ~B(C, z)

Consequently, we conclude the theorem holds:
Vzo € X2 : (KS(C',L(C")),z0) E AG EF ¢ O

To summarize the non-blockingness section of the Ragrrgs correctness proof, we
have established that the CTL formula AG EF ¢ can be enforced in reachable states
of the controlled system when requirement automata R4, generated by Ragrre, are
composed with the specification. In Section we have linked the semantics of CTL
operands to corresponding SEFA functions. EFj is such a SEFA function which we
used in Section [9.3.2) to prove that any violation of EF ¢ in a specification leads to an
uncontrollable transition to a blocking state. Synthesis must prevent this by restricting
the specification. Our approach thus utilizes the controllability (Definition and
non-blockingness (Definition properties of supervisory control theory to influence
synthesis such that AG EF ¢ holds for all initial states of the controlled system.

9.4 Maximally Permissive

The final property of synthesis that must be respected is maximal permissiveness. We
prove that the addition of R4 preserves this property, as it only influences synthesis to
enforce AG EF ¢ (Definition , which is precisely the goal. R4 does not directly
impact safety and controllability, as proven in Theorem[9.3]and Theorem[9.4]respectively.
In Theorem we have established that R, influences non-blockingness to ensure
AG EF ¢ holds in the controlled system. Synthesis will ensure that the controlled
system is maximally permissive, but since non-blockingness is influenced by Ry, we
must ensure that this influence precisely achieves our goal. In Theorem we have
proven that when EF with respect to ¢ does not hold ¢ transitions to a blocking state.
In this section we will prove the reverse implication, with a slight modification. We will
prove that when ¢ transitions to a blocking state, then either EF; with respect to ¢
does not hold, or all reachable states satisfying ¢ are blocking states with respect to
the original specification EFA, that is, without Ry. Finally, as this is exactly what we
aim to achieve, we conclude maximal permissiveness is preserved which concludes the
correctness proof.

Theorem 9.16 (Non-blockingness preservation). Consider an EFA M, a predicate ¢
over the state of M, a requirement automaton Ry := Ragrre(P, M), a SEFA M*® :=
ToSEFA(M), and a combined SEFA M'® := ToSEFA(M || Ry). Then, for all states

65



x in the combined SEFA M'S, if t transitions to a blocking state, then either EF, with
respect to ¢ does not hold, or all reachable states from x satisfying ¢ are blocking states
with respect to the original SEFA M*. Formally:

Vo € Xpps - (Vmb € Xyt (25 my) = B(M’S,xb))
<—|EF3(M’S,x,qS) V (V' € Xy w €Sipn i1 Dol = (2 ¢ = B(M*,2)) ))

Proof. The proof is by contradiction. Assume that there exists a state x such that the
left hand side of the boxed implication holds but that the conclusion (right hand side)
does not follow. Formally:

Jo € Xopre : (\m € Xope : (x5 1) = B(M’S,xb)) A
(EFS(M’S,x,qS) A (T2’ € Xppre,w € g s S 2/ A (2 = ¢ A—B(M*,2')) ))

By the definition of parallel composition (Definition and the construction of M'$,
the marker predicate py, ars of M'® is pyy s APm,r,- By the definition of blocking states
(Definition [6.22)), B(M'*, ;) means there does not exist a path from z; to a marked
state of M's. Since the marker predicate of M’® is a conjunction, this means there does
not exist a path from x;, to a state where both p,, s and Pm,R, hold. Thus, we can
rewrite the left hand side of the boxed implication as follows:

dr € Xps - (vbeXM/s Z$i>$b -

(ng € Xnprs,wp € Xipre * X SN xy, = (x} & pm.m /\pm,Rd))))
(EFS(M’S,:c,d)) A( T2’ € Xppeyw € Sy i 5 2/ A (2 b= ¢ A—B(M®,2')) ))

On the right hand side of the boxed conjunction, we have that there exists a reach-
able state 2’ from x such that 2’ satisfies ¢ and is not blocking with respect to M*. By
the definition of blocking states (Definition[6.22)), =B(M*,z’) means there exists a path
from 2’ to a marked state of M?, i.e., p,, p holds. Thus:

dr € Xpps - (ViﬂbEXM/s S(Ei)l’b -

(ng € Xyprs,wp € 27\4/5 1Ty by :L'g - (CU;) l#pm,M /\pm,Rd))))
(EFS(M’S,x,qS) AT € Xppeyw € Shp i 2/ A = G A

(ch” € Xy, w" € B4y 2 w—”> ' N = pm,M)) ))

As ¢ holds in @', either ¢ or ¢ - ¢ transitions to a state where p,,, g, holds (depending on
the R, component of 2') by the construction of Ry (Definition and Lemma
As t interleaves with all other transitions, by construction, it does not impact the reach-
ability of states where p,, pr holds. Thus, there exists a path consisting of one or two
t-transitions after which p;, r, holds from where there is a path to a state where p,, ar
holds. Therefore, there exists a path from x to a state where both py, p and py, g,
hold, contradicting the left hand side of the boxed conjunction. Hence, we conclude our
contradictory assumption must be false and thus the theorem holds. O

As this theorem holds for any EFA composed with R, and all cases from R, (all
t-transitions and all states of Ry) have been considered, we can conclude that Ry only
influences synthesis as established in Theorem [9.13

9.4.1 AG EF ¢ Is Enforced Maximally Permissively

The correctness of Ragrre relies on the EFAs Ry it produces based on a given predicate
¢ and specification EFA M. We consider Ragrrs “correct” when the resulting con-
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trolled system of the composition M || R, enforces AG EF' ¢ maximally permissively (in
the corresponding Kripke structure of the controlled system, Definition . Maximal
permissiveness (Definition hinges on three properties: safety, controllability, and
non-blockingness. In Theorem [0.3] we have established that safety is preserved when
adding Ry, meaning no additional unsafe states or transitions are directly introduced.
In Theorem we have established that g4 preserves controllability with respect to
M, as only an uncontrollable event ¢ is introduced with solely interleaving transitions.
In Section [3.3] we have:

1. Bridged the SEFA and CTL semantics (Theorem [9.8)).

2. Established that —=EF ¢ leads to an uncontrollable transition to a blocking state

(Theorem [9.13)).

3. Proven in Theorem that due to the non-blockingness property of synthesis and
Theorem [0.13] EF; ¢ is enforced in all reachable states of the controlled system,
i.e, AGEF, ¢ holds in the controlled system.

Finally, in Theorem we have established that Ry only influences marking such
that if any ¢ transition leads to a blocking state, then either EFF with respect to ¢
does not hold, or all reachable states satisfying ¢ are blocking states with respect to
the original specification EFA. This aspect combined with Theorem [9.15] proves that
R, only restricts non-blockingness as strictly necessary to enforce AG EF ¢. As this
is exactly what we aim to achieve, and synthesis is maximally permissive, we conclude
RagEFg is correct.

10 Experiments

In this section, we compare the synthesis performance of two approaches for enforcing
liveness requirements: the reachability requirement annotation (Section , referred to
as the algorithmic approach, and the reachability requirement automaton (Section ,
referred to as the model-based approach.

The experimental methodology is outlined in Section [10.1] which begins with a de-
scription of the 15 benchmark models used in the experiments (Section . This
is followed by the experimental setup (Section [10.1.2]) and a justification of correctness
(Section [10.1.3). After presenting the methodology, we report the experimental results
in Section and discuss them in Section [[1}

10.1 Methodology

In this subsection, we outline the methodology used for the experimental setup to com-
pare both approaches with each other and with a baseline. For this comparison, we use
15 benchmark models that we describe in the following subsection.

10.1.1 Benchmark Models

The 15 benchmark models used in the experiments either directly model real cyber-
physical systems or are inspired by them. 13 of the 15 models are part of the benchmark
suite shipped with the Eclipse ESCET toolkit, while the remaining two models (the
generic lock case studies) are provided by RWS. Table [2| provides an overview of all
benchmark models and their sources, including a short name per model that we use in
subsequent tables. The case study models (benchmarks 6 and 7) do not have references,
as they are generated using a proprietary tool from RWS. Table [2]is an adapted version
of the one presented in [9].
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Nr Short name Full name Refs

1 adas Advanced driver assistance system [47)

2 agv Automated guided vehicles [48]

3 bes-dynamic Body comfort system (dynamic) [49, [50]
4 bes-static Body comfort system (static) [491 [50]
5 bridge Bridge [51]

6 case-study-org Generic lock case study (original) -

7 case-study-inv Generic lock case study (with invariant) -

8 cluster-tool Cluster tool [52]

9 festo FESTO production line 53]

10 mri-pss-event MRI scanner PSS (event-based) 541 [55]
11 mri-pss-state MRI scanner PSS (state-based) [55]

12 prod-cell Production cell [56]

13 theme-park Theme park vehicles [57]

14 wafer-scanner-nl Wafer scanner (n=1) [58]

15 waterway-lock Waterway lock [59)

Table 2: Overview of the benchmark models. This table is an adapted version of the
one presented in [9].

Below, we provide a brief description of each benchmark model. These descriptions,
except the case study model descriptions (benchmarks 6 and 7), are adapted from [9].

1) The advanced driver assistance system (ADAS) is a safe controller for an adaptive
cruise control system of the Toyota Prius Executive [47].

2) The automated guided vehicles (AGVs) model five vehicles serving a manufactur-
ing work cell. The vehicles travel on fixed circular routes through shared zones, where
collisions must be avoided [48].

3+44) The body comfort system (BCS) is a product line originally from the auto-
motive industry. There is a dynamic version (benchmark 3) that allows reconfiguration
during execution, and a static version (benchmark 4) that does not [49, 50].

5) The Algera bridge is a movable bridge over the Hollandse IJssel river in the
Netherlands. The synthesized controller ensures safe operation, even with faulty sensors
or broken actuator connections [51].

6+47) The generic lock case study models a generic waterway lock used to raise and
lower boats between waters of different levels. This model is the case study provided by
RWS that motivated this research. Benchmark 6 is the original version, while benchmark
7 includes the requirement invariant described in Section [5| The liveness requirements
added in these models ensure that a waterway lock gate is openable and closable, as
required by RWS, see Section

8) The cluster tool is a wafer processing system with nine processing chambers, four
transportation robots, and three one-slot buffers. The synthesized controller guarantees
continuous wafer processing without blocking [52].

9) The FESTO production line consists of six connected stations that distribute,
handle, test, buffer, drill, and store products. The supervisor ensures safe, correct, and
efficient operation [53].

10+11) The patient support system (PSS) positions a patient in an MRI scanner
using a movable table. The synthesized supervisor ensures safe operation to prevent
damage to the scanner and patient [54, [55]. Benchmark 10 is event-based, while bench-
mark 11 uses state-based invariants.

12) The production cell consists of a stock, feed belt, elevating rotary table, robot,
press, deposit belt, and crane. These components execute asynchronously but synchro-
nize for cooperation and safety [56].

13) The Multimover is a flexible theme park vehicle that follows an electrical wire
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integrated in the floor. Floor codes provide information about the track and control
the vehicle’s route, speed, and music. The synthesized supervisor ensures safe operation
and prevents collisions [57].

14) The wafer scanner is a lithography machine used in integrated circuit produc-
tion. Wafers undergo pre-exposure steps and are measured and exposed on one of two
chucks. Dummy wafers are inserted to maintain the water film required for immer-
sion lithography. The model for n = 1 includes one production wafer and two dummy
wafers [58].

15) Lock IIT is a waterway lock in Tilburg, the Netherlands. Gates seal off the
chamber, paddles empty it, and culverts fill it. The supervisor ensures safe and correct
operation [59].

10.1.2 Experimental Setup

For all 15 models, we add the same liveness requirements (in the form of AG EF ¢)
using both approaches and measure synthesis performance in a platform-independent
way using Binary Decision Diagram (BDD) operations and maximum node count as
proxies for speed and memory usage, respectively [44]. Both approaches are additionally
compared, as a baseline, to the original 15 models without extra liveness requirements.
Apart from performance, we additionally measure the resulting state-space sizes of the
controlled systems. This allows us to observe whether the liveness requirements affect the
state-space size, and additionally, the state-space size helps us to verify our hypothesis
described in the subsequent subsection. All experiments are executed on a machine with
a 2.80 GHz Intel Core i7-1165G7 processor and 32 GB RAM, using the default settings of
CIF’s symbolic synthesis tool from Eclipse ESCET v10.0. For reproducibility purposes,
all models and experiment scripts are available at [60].

10.1.3 Correctness Validation

In Section [0} we proved the correctness of the model-based approach, hence we use it
to validate the correct implementation of the algorithmic approach. This validation
is performed by comparing the controlled systems resulting from both approaches on
ten smaller models. The comparison starts by projecting away the ¢-transitions of the
model-based approach, as these transitions are not present in the algorithmic approach.
Afterwards, the cif2merl2 function [61] is used to translate both controlled systems to
the mCRL2 specification language [18]. This translation adds a marked action enabled
as self-loop in all marked states of the controlled systems, enabling the verification of
marked languages. Subsequently, mCRL2 is used to test for strong trace equivalence
between the two transformed controlled systems. As the RW-framework revolves around
marked languages and due to the addition of marked actions, strong trace equivalence is
a suitable equivalence notion for this validation. All tests confirmed that both controlled
systems are strongly trace equivalent. These tests are available at [60]. This validation
process does not guarantee the correctness of the algorithmic approach, but it does
provide confidence in its correct implementation.

Since the model-based approach adds two locations with solely interleaving ¢-transitions
per liveness requirement, every added liveness requirement should double the state-space
of the controlled system, compared to the algorithmic approach. The reason for this
can be observed in the parallel composition of the model-based approach (Section|8.2.2))
with a specification. In this composition, it can be seen that the addition of two loca-
tions multiplies the state-space size similarly, and since no synchronizing transitions are
added, no states can be merged either. Furthermore, as the model-based approach only
includes uncontrollable transitions, none of its states can be removed during synthesis.
Therefore, we hypothesize that the controlled system state-space size is multiplied by
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two per added liveness requirement relative to the algorithmic approach. We will verify
this hypothesis in the discussion section (Section [T1).

10.2 Results

Table displays the experimental results. Both the number of BDD operations and
the maximum number of nodes are presented in normalized form, where the lowest value
for each model is set to 1.0, and other values are expressed as ratios to this baseline.
#Liveness indicates the number of liveness requirements added to each model. Original
refers to the baseline models without added liveness requirements, Algorithmic refers
to the models with liveness requirements added using the algorithmic approach, Model-
based refers to the models with liveness requirements added using the model-based
approach. The case study models (benchmarks 6 and 7) are highlighted in bold and
surrounded by horizontal lines, while the bottom row provides average values across
all models for each metric. Dashes (“-”) indicate that synthesis resulted in an empty
supervisor, thus yielding a state-space size of 0. The results are further discussed in

Section [[1l
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Number of BDD operations

Maximum number of nodes

Controlled system state-space

Nr Model name #Liveness Original Algorithmic Model-based Original Algorithmic Model-based Original Algorithmic Model-based
1 adas 4 1.000 1.905 1.650 1.000 1.000 1.045  2.72 x 1010 2.72 x 1010 4.35 x 10
2 agv 5 1.000 1.834 1.299 1.584 1.000 1.417  2.88 x 10% 4.73 x 10°3 1.51 x 109
3 bes-dynamic 5 1.000 1.151 1.051 1.000 1.022 1.280  4.23 x 1020 3.85 x 1020 1.23 x 10%2
4  bes-static 5 1.210 1.504 1.000 1.449 1.067 1.000  3.96 x 10'7 5.38 x 1016 1.72 x 10'8
5 bridge 1 1.000 1.965 1.972 1.000 1.037 1.040  5.92 x 1033 - -
6 case-study-org 2 1.000 1.953 2.640 1.000 1.342 1.130 1.81 x 107  1.47 x 107 5.89 x 1057
7 case-study-inv 2 1.280 1.562 1.000 1.488 1.008 1.000 1.21 x 10%7 - -
8 cluster-tool 4 1.000 1.353 1.019 1.000 1.000 1.006  1.87 x 10%7 1.87 x 10°7 3.00 x 108
9 festo 18 1.000 1.414 1.498 1.000 1.000 1.104  1.06 x 10?8 1.06 x 1028 2.77 x 1033

10  mri-pss-event 2 1.000 1.296 2.932 1.003 1.000 1.266  2.36 x 10'! 1.26 x 10! 5.06 x 10
11  mri-pss-state 4 1.000 1.891 2.004 1.000 1.074 1.038  1.71 x 10% 1.43 x 109 2.28 x 106
12 prod-cell 4 1.000 1.321 1.757 1.000 1.000 1.711  5.24 x 10°8 5.24 x 10%8 8.38 x 10%
13 theme-park 9 1.000 2.100 2.438 1.000 1.000 1.182  6.02 x 10°7 6.02 x 1007 3.08 x 1010
14  wafer-scanner-nl 27 1.000 2.918 169.855 1.589 1.000 2405  1.14 x 10°7 1.04 x 109 1.40 x 10
15  waterway-lock 10 1.000 1.389 1.410 1.000 1.000 1.002  5.96 x 1032 5.96 x 1032 6.10 x 103°

Average 7.620 1.033 1.704 12.902 1.141 1.037 1.242 2.02 x 10°¢  1.13 x 105 4.53 x 1056

Table 3: Results for the number of BDD operations, maximum number of nodes, and state-space for the original models, model-based approach,
and algorithmic approach.



11 Discussion

In this section, we discuss the experimental results presented in Table We compare
both approaches in terms of synthesis performance and controlled system state-space
size. Furthermore, we verify our hypothesis regarding the relationship between the state-
space sizes of both approaches. For the algorithmic approach, we additionally compare
the resulting state-spaces with the baseline to detect whether the additional liveness
requirements have affected the controlled system. This cannot be (directly) done for the
model-based approach, as it adds states to the specification by construction.

From Table[I0.2] we observe that the algorithmic approach requires, on average, 1.704
times more BDD operations and 1.037 times more maximum number of nodes than the
best performing approach per model. The model-based approach, on the other hand,
requires 12.902 times more BDD operations and 1.242 times more maximum number of
nodes than the best performing approach per model. This indicates that the algorithmic
approach is on average 7.6 times faster in terms of BDD operations and 1.2 times more
efficient in terms of maximum number of nodes than the model-based approach.

However, the algorithmic approach does not always outperform the model-based ap-
proach. In terms of number of BDD operations, the model-based approach outperforms
the algorithmic approach in the benchmarks 1, 2, 3, 4, 7, and 8. In terms of maximum
number of nodes, the model-based approach outperforms the algorithmic approach in
benchmarks 4, 6, 7, and 11. The exact reasons for these outliers require further inves-
tigation, but we hypothesize that variable ordering effects in BDDs play a significant
role.

We additionally analyzed the relationship between the number of added liveness
requirements and the performance overhead. For this analysis, we calculate the average
increase in number of BDD operations and maximum number of nodes per liveness
requirement for both approaches. From these calculations, we omit models that result
in an empty supervisor for either approach (benchmarks 5 and 7). The algorithmic
approach shows an average increase of 13.5% in BDD operations and a decrease of
1.3% in maximum number of nodes per added liveness requirement. The decrease in
maximum number of nodes for the algorithmic approach can be explained by the fact
that it does not add states to the specification, but rather removes states by enforcing
liveness directly on the existing states. The model-based approach shows an average
increase of 68.5% in BDD operations and an increase of 1.3% in maximum number
of nodes per added liveness requirement. This further confirms that on average the
algorithmic approach has substantially lower performance overhead when adding liveness
requirements.

Several outliers in the data deserve discussion. First, the generic lock with invariant
model (benchmark 7) results in an empty supervisor for both approaches. This was
expected, as RWS identified states in the original model that could never satisfy the
added liveness requirements. An empty supervisor directly indicates to RWS that the
invariant is too strict and needs to be relaxed. Second, it is remarkable to observe that
even the state-space of the generic lock original model (benchmark 6) decreases (see the
state-space in the column “Algorithmic”) when adding liveness requirements using the
algorithmic approach. This implies that the challenge posed by RWS is already present
in the original model, and that adding the liveness requirements helps to eliminate
states from which the waterway lock gate cannot be opened or closed. This observation
further supports the value of adding additional liveness requirements to the RWS case
study model and to models in general. No effects on the controlled system state-space
were observed for adas, cluster-tool, festo, prod-cell, theme-park, and waterway-lock
(benchmarks 1, 8, 9, 12, 13, and 15), meaning the original controlled system already
satisfied the added liveness requirements. Another interesting observation is that the
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Nr Model Algorithmic Model-based Exponent
1 adas 2.72 x 1010 4.35 x 101! 4
2 agv 4.73 x 1093 1.51 x 10% 5
3 bces-dynamic 3.85 x 1020 1.23 x 10%2 5
4  bcs-static 5.38 x 1016 1.72 x 1018 5
5 bridge 0 0 -
6 case-study-org 1.47 x 10°7 5.89 x 10°7 2
7 case-study-inv 0 0 —
8 cluster-tool 1.87 x 10°7 3.00 x 1098 4
9 festo 1.06 x 10?8 2.77 x 1033 18

10  mri-pss-event 1.26 x 10! 5.06 x 10 2
11  mri-pss-state 1.43 x 109 2.28 x 10 4
12 prod-cell 5.24 x 1098 8.38 x 1099 4
13 theme-park 6.02 x 10°7 3.08 x 1010 9
14 wafer-scanner-nl ~ 1.04 x 10 1.40 x 10 27
15  waterway-lock 5.96 x 1032 6.10 x 1035 10

Table 4: Verification that the model-based approach state-space equals the algorithmic
approach state-space multiplied by 2 to the power of the number of liveness requirements.

model-based approach results in the fewest BDD operations for the body comfort system
static model (benchmark 4). This can likely be explained by the influence of variable
ordering on BDD performance. Heuristic algorithms are used to determine a good
variable ordering for BDDs, and it is possible that the addition of the requirement
automaton in this case led to a more optimal variable ordering due to the heuristic
nature of these algorithms. For more information on BDD variable ordering in CIF, we
refer to [9]. Obviously, the model-based approach could change the variable ordering of
all models compared to the original models. This cannot be the case for the algorithmic
approach, as it does not influence the heuristic variable ordering. We did not account
for effects on variable ordering in our analysis and leave this for future work. The
wafer scanner model (benchmark 14) represents another notable outlier, particularly
for the model-based approach. In this case, the model-based approach requires 169.855
times more BDD operations and 2.405 times more maximum number of nodes than the
original model. This substantial overhead is likely because this model is already the most
demanding in terms of both BDD metrics. Adding additional liveness requirements,
especially for the model-based approach, which increases the state-space size, further
increases this demand significantly.

In Section [10.1.3] we posed the hypothesis that the state-space size of the model-
based approach equals the state-space size of the algorithmic approach multiplied by
two to the power of the number of added liveness requirements. Table {4| confirms
this relationship for all models, showing that the model-based approach state-space
equals the algorithmic approach state-space multiplied by 2F¥Ponent where Exponent is
equal to the number of added liveness properties. This observation further supports the
correctness of both approaches.

Overall, we have observed some interesting effects on the controlled system state-
space size when adding liveness requirements using the algorithmic approach. Especially
for the RWS case study models (benchmarks 6 and 7), adding liveness requirements
affects the state-space size, even in the original model (benchmark 6). However, the
most significant finding from the experiments is the superior synthesis performance of
the algorithmic approach compared to the model-based approach (on average). For this
reason, the algorithmic approach has been adopted in version 10.0 of CIF.
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12 Conclusion

This work started with the challenge encountered by RWS, during experimentation with
state requirement invariants, in which they identified states in the controlled system of
a waterway lock from where it was no longer possible to open or close a lock gate.
The standard liveness capabilities of CIF in the form of marking are not adequate
to capture the desired reachability of multiple states in the controlled system. Based
on this shortcoming, we formulated the following research question: How can CIF be
extended to support livemess requirements that require multiple states to be reachable
in the controlled system, while preserving safety, controllability, non-blockingness, and
mazimal permissiveness as they are currently defined?

To answer this research question, we first formalized the desired liveness require-
ments of RWS to the CTL formula AG EF ¢, where ¢ is a state formula that captures
the desired states to be reached. This way RWS would be able to specify AG EF open
and AG EF closed, where open and closed represent states in which a lock gate
is open and closed respectively, to ensure that from every reachable state in the con-
trolled system, it is always possible to eventually open or close a lock gate. Next, we
performed a literature study on existing approaches, which are compatible with CIF,
to express liveness requirements in supervisory control theory. Based on this literature
study we identified two promising sources with a similar approach: capture the liveness
requirement AG EF ¢ as additional reachability search in the synthesis algorithm. Ad-
ditionally, we investigated a purely model-based approach using existing constructs of
CIF to express the desired liveness requirements. We believe this approach to be novel,
as we did not identify any source which proposed a similar solution. Due to the novelty
of this approach, we proved its correctness with respect to safety, controllability, non-
blockingness, and maximal permissiveness. Using either of the two approaches, RWS’
challenge is solved as it can be guaranteed that from every reachable state a lock gate can
always be opened or closed, or the synthesis results in an empty supervisor. The latter
is the case for the state requirement experiments RWS case study model. The additional
liveness capabilities reduce required validation time as it is no longer necessary to check
whether all desired states are reachable in the controlled system. More fundamentally,
it strengthens the correct-by-construction notion of synthesis by providing more precise
conditions under which a supervisor is considered correct.

To decide which of the two approaches is most suitable to be integrated in CIF, we
performed experiments on a set of 15 benchmark models which either directly model
real cyber-physical systems or are inspired by them. The experiments clearly show
the superiority of the algorithmic approach in terms of synthesis speed and maximal
memory usage. Therefore, this approach has been adopted in CIF v10.0 to support
liveness requirements of the form AG EF ¢. There is a minor limitation to this approach
regarding the CTL semantics of AG EF ¢; it does not require the controlled system
to be total whereas this is required by CTL semantics. It is theoretically possible
that a reachable state with no outgoing transitions could be safe and satisfy all liveness
requirements, and therefore be included in the controlled system. Nevertheless, we deem
this limitation not to be problematic in practice as this property also currently holds
for marking in CIF.

To conclude, we have successfully extended CIF with liveness capabilities that al-
low RWS to express their liveness requirements and solved their challenge regarding
unreachable desired states in the controlled system of the waterway lock experiment.
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12.1 Future Work

In this work we have extended CIF with liveness capabilities that allow RWS to ex-
press their liveness requirements. However, there are still several directions for future
work to further improve liveness support in CIF. First, the extended liveness capa-
bilities only support a very limited subset of CTL, namely AG EF ¢, where ¢ is a
predicate capturing desired states. Future work could investigate how to extend CIF
with more expressive liveness requirements, for example by supporting different nested
CTL formulas. Such formulas could for example express reactivity requirements, e.g.,
AG(request — AF grant), which states that whenever a request occurs, a grant should
eventually follow. But as we have described in the literature study, supporting more
expressive CTL formulas comes with significant challenges regarding the uniqueness of
the synthesized supervisor and thus yielding an adaptation to the definition of maximal
permissiveness.

Notably, the original RWS case study model without the invariant already contained
states in the controlled system from which it was not possible to open or close a certain
waterway lock gate. Future work could investigate which states were removed by the
added liveness requirements and why, as well as whether those states represent desirable
behavior. If such states are indeed desirable, future work could investigate how to
change the liveness requirements to preserve those states while still guaranteeing that
the liveness requirement holds for all other reachable states in the controlled system.

Another direction would be to investigate the adoption of LTL to express liveness
requirements. Such liveness requirements are stricter than CTL in the sense that LTL re-
quires infinitely often visiting the desired states, whereas CTL only requires the desired
states to be reachable. Current LTL approaches in supervisory control theory dras-
tically impact the possible behavior in the controlled system which impacts maximal
permissiveness.

Future work could also investigate fairness assumptions on uncontrollable events to
express which uncontrollable transitions should be taken into account when verifying
liveness requirements.

Regarding model-based approaches, while there is likely much more possible using
such approaches to express liveness/temporal requirements in CIF, we recommend to
focus on algorithmic approaches as we hypothesize, based on the experiments, that
most model-based approaches will likely not be as efficient as a tailored algorithmic
one. Nevertheless, model-based approaches could still be an alternative while there is
no algorithmic approach available for a specific type of (liveness) requirement.

Furthermore, it would be interesting to investigate what the reachability requirement
automaton did to the variable ordering and whether this explains why the model-based
approach sometimes outperformed the algorithmic approach. Additionally, another in-
teresting direction for future work would be to investigate whether fixing the variables
of the reachability requirement automata in order and/or place would improve the per-
formance of the model-based approach.

Lastly, we proved the correctness of the model-based approach using classical RW-
concepts in the context of CIF. As CIF fully aligns with original definitions of the
RW-framework we believe that the correctness of the model-based approach naturally
extends to any synthesis tool aligning with the RW-framework. However, future work
could formalize the correctness of the model-based approach solely in the RW-framework
to prove this natural extension.
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