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Abstract
Psychological theories are usually communicated using natural language, allowing multiple interpretations. There is a risk of discussions focussing on the
correct interpretation of a theory rather than on the validity of the theory. Formalisation can help to prevent this from happening. Formalised psychological
theories are called cognitive agent models. The requirements for a formalism
for cognitive agent modelling are not fully met by any currently available language. The language LEADSTO has some advantageous properties with regard
to these requirements. The most problematic deficit of LEADSTO is that it has
an operational semantics that is not equivalent to its denotational semantics.
We therefore adapted the semantics of LEADSTO to ensure equivalence. The
necessary adaptations however, resulted in a problem for implementation of a
simulation tool. Simple implementation of the rules of the operational semantics
does not suffice, since the adapted operational semantics may allow multiple so
called simulation traces. We use Binary Decision Diagrams to generate all of
the allowed traces. This method needed to be adapted to include the notion of
time used in simulation traces. We call the resulting method Timed Reduced
Ordered Binary Decision Diagrams, or TROBDD. Future research needs to investigate how the simulation results generated by the TROBDD algorithm can
be presented in an easily interpretable manner.
Besides these semantical adaptations, some syntactical adaptations were made.
The resulting language is called LEADSTO 2.5. A design methodology was
constructed guiding the user in the translation process from a natural language description of a theory to a formal LEADSTO 2.5 model. Verification on
LEADSTO 2.5 models is possible using methods for model checking or theorem proving. It was shown that implementation of a model checker is possible
using the existing specification language TTL. The operational semantics of
LEADSTO 2.5 provides a proof system that can be used for theorem proving.
Resolving the remaining problem of how to visualise the simulation results of a
LEADSTO 2.5 model and implementation of the verification methods discussed
here will result in a language that is suitable for cognitive agent modelling.
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Chapter 1

Introduction
Chapter abstract
The use of natural language in describing psychological
theories often introduces ambiguities and hidden assumptions. Discussion among researchers is then exposed to the
danger of focussing on what the correct interpretation of
the theory is rather than focussing on the validity of the
theory. These ambiguities are difficult to resolve by refining
the natural language description, because natural language
in inherently ambiguous. Formalisation provides a better solution. A formalised theory allows only one interpretation.
Predictions derived from a formalised theory can therefore
unequivocally falsify the theory, opening the way for a more
productive cycle of testing and adapting a theory as is common in scientific research in natural sciences. The process of
formalising a psychological theory is called cognitive agent
modelling. It is the goal of this thesis to find or construct a
language suitable for cognitive agent modelling.

1.1

Motivation

Consider the following discussion between two researchers, R1 and R2, in psychology, regarding the capture of attention. Researcher R1 is a proponent of
the automatic capture theory, which states that salient stimuli automatically
capture attention. R1 has conducted a study in which subjects had to search
for a grey square in between grey circles in the control condition. In the test
condition, one of the circles was coloured red instead of grey. He found that
subjects took longer to find the square in the test condition, when a red circle
was present, than in the control condition. He therefore concluded that the
salient red circle automatically grabbed the attention, delaying the process of
finding the grey square.1 An example of a control and a test condition trial is
depicted in Figure 1.1.
Researcher R2 derives the following prediction from this theory: in an experiment where subjects are shown a cueing screen with a number of grey dots
1 The

description of this study and its conclusions is based on [12].

1

and one red dot followed by a target screen with a number of grey circles and
one grey square in the control condition or a number of grey circles and a red
circle in the test condition, a cueing effect will be present in both the control
condition and the test condition. A cueing effect is present when reaction times
to the target screen are faster when the attention drawing stimulus in the cueing
screen is in the same location as the target stimulus in the target screen and
reaction times to the target screen are slower when the attention drawing stimulus in the cueing screen is in a different location as the target stimulus in
the target screen.2 Such a cueing effect is due to attention being drawn to the
location of the red dot and staying there until the target screen is presented.
An example of a control condition trial is depicted in Figure 1.2. An example
of a test condition trial is depicted in Figure 1.3.

Figure 1.1: Example of a control and test condition trial used in the experiments of
R1.

R2 conducted his experiment and found that there was no cueing effect in the
control condition, only in the test condition. He therefore stated that he had
falsified the automatic capture theory of researcher R1: attention was not automatically drawn to the red dot in the cueing screen in the control condition.3
However, R1 replies to this falsification by stating that R2 interpreted his theory
incorrectly. The fact that salient stimuli automatically capture attention does
not imply a minimum amount of time before attention is disengaged from the
stimulus. In R2’s experiment the cueing screen was presented before the target
screen, leaving a small amount of time for attention to be disengaged from the
salient stimulus before the target screen is presented. Possibly, in the control
condition, when the task was to look for a square among circles, subjects had
less difficulty disengaging attention from the distracting red dot than in the test
condition, when the task was to look for a red circle among grey circles. This
2 The

description of this study and its conclusions is based loosely on [4].
proposes another account of attentional capture stating that attention is only captured
by salient stimuli when they are task-related. In the example, attention will only be captured
by the red dot in the cueing screen when the task is to look for a red circle among grey circles
in the target screen (test condition), not when the task is to look for a square among circles
(control condition). This is called the contingent capture hypothesis (see [4]).
3 R2

2

Figure 1.2: Example of a control condition trial used in the experiments of R2. A
cueing screen with one red dot among a number of grey dots is followed by a target
screen with a grey square among grey circles. When the grey square is in the same
location as the red dot, fast reaction times are predicted. When the grey square is in
a different location than the red dot, slow reaction times are predicted.

results in a cueing effect only in the test condition, because in the test condition
attention was still directed at the location of the red dot when the target screen
was presented, while in the control condition attention was already disengaged
from the location of the red dot before the target screen was presented4 .
The example of the discussion between researchers R1 and R2 described above
4 The contingent capture hypothesis can also explain both research results. In [4], it is
proposed that the process that causes a delay in the experiment of R1 is not attention which
is automatically attracted by the salient stimulus, but a pre-attentive filtering process that
takes longer because a salient stimulus is present.

3

Figure 1.3: Example of a test condition trial used in the experiments of R2. A cueing
screen with one red dot among a number of grey dots is followed by a target screen
with a red circle among grey circles. When the red circle is in the same location as
the red dot, fast reaction times are predicted. When the red circle is in a different
location than the red dot, slow reaction times are predicted.

is a slightly simplified account of an existing discussion between researchers in
psychology. This example indicates that there is a problem with the use of
natural language in describing psychological theories. In this case there was a
hidden assumption, the assumption that the duration of the capture of attention
is irrelevant for the automatic capture theory, that caused R2 to incorrectly interpret R1’s theory. In general, it can be stated that, because natural language
is inherently ambiguous, a natural language description of a theory often allows
multiple interpretations. A composer of a theory may intend the theory to be
interpreted according to a certain interpretation x. But a researcher trying to

4

falsify the theory may use interpretation y, which is also a valid interpretation
of the natural language description of the theory, to derive a prediction that
falsifies the theory according to interpretation y. The composer of the theory
can now reply by stating that, because he has interpretation x in mind, the
prediction that was used to falsify his theory does not follow from the theory.
The number of cycles of attempted falsification by a researcher a and rebuttal
of the composer of the theory b by rejecting the theory’s interpretation taken by
a can become very large if there are many possible interpretations of the theory
as described by b.
It seems that natural language, even though very useful in the starting stages
of constructing a theory5 , can form an obstruction for the progress of research.
Discussion regarding the correct interpretation of a theory may draw attention
away from discussing the validity of the theory.
The use of formalisation at the correct stage of the discussion can help in
guiding research towards a more productive direction. Formalisation disambiguates, forces the composer of the theory to make hidden assumptions explicit
and to fill in gaps that were left open for interpretation in the natural language
description of the theory. Predictions derived from such a formalised theory
leave no room for discussion. If such a prediction is tested and turns out to be
incorrect, the theory is falsified (see Figures 1.4 and 1.5). The next step is then
to adapt the theory such that it fits the current results, after which new predictions can be derived and tested, as is common practice in scientific research
after falsification of a theory.

Figure 1.4: Natural language descriptions of theories allow multiple interpretations. A
prediction derived from a certain interpretation does not necessarily falsify the theory,
it can also be the case that the composer of the theory intended another interpretation.
5 In

the example, the consequences of R2’s incorrect interpretation of R1’s theory may not
be so dramatic that they validate the costs of formalising R1’s theory, but as stated before, this
example is a simplified account of the discussion between two researchers regarding attentional
capture. Many psychological theories and the discussion they invoke are more complicated.

5

Figure 1.5: A formalised theory allows only one interpretation, thereby enabling unequivocal falsification of the theory.

1.2

Cognitive agent modelling

A formalised psychological theory is called a cognitive agent model and the process of formalising such a theory is called cognitive agent modelling. Cognitive
agents have very specific properties that make it possible to categorise them
as a specific group of systems. These properties are discussed in Section 1.2.1.
Furthermore, the process of cognitive agent modelling has some aspects that
distinguish it as a special kind of modelling. Section 1.2.2 describes the process
of cognitive agent modelling.

1.2.1

Cognitive agents

The definition of a cognitive agent uses the definition of the term agent. The
concept of an agent arose in the field of Artificial Intelligence in the late 1980’s.
Since then, the use of the concept of agents has widened: agents are now also
used in mainstream computer science, data communications, concurrent systems, robotics, and the design of user interfaces [21]. This has resulted in a
discussion regarding the definition of agents. In [21] a widely used definition is
given. According to this definition, an agent is a system that exhibits at least
the following properties:
• Autonomy: Agents act independently, without human intervention or intervention of another system. Furthermore they must be able to exercise
some form of control over their actions and internal states.
• Social ability: Agents interact with other agents and possibly also with
humans.
• Reactivity: Agents interact with their environment6 : they respond to
changes in the environment in a timely fashion.
• Pro-activeness: The autonomous, reactive behaviour of an agent is supplemented with an ability to take initiative. Agents do not only react to
their environment, they must also exhibit goal-directed behaviour.
This definition of an agent is referred to as the ”weak notion of agency”. We
will refer to an agent that satisfies the weak notion of agency simply as an agent.
6 The term environment is used here in a broad sense. It may consist of an actual physical
world, or a simulated world (such as a grid containing objects at certain locations), but it may
also be represented by a user interface, the internet, etc. It may even refer to a postulated
body of an agent.

6

Agents are nowadays widely used in the fields mentioned before, for example as
decision support systems or adaptive systems. However, in order to use them
as a formalisation of a psychological theory, with the goal of communicating
the exact interpretation of a theory, the simple display of the four properties
mentioned above in their behaviour is not sufficient. In communicating an interpretation of a theory, it is not only the behaviour that is of interest, but
especially the manner in which this behaviour is obtained. In [21] a definition is
also provided for a stronger notion of agency, that takes into account this extra
requirement. The strong notion of agency extends the weak notion of agency to
include the use of human-like mental states - such as beliefs, desires, intentions,
emotions, and other states that resemble the current view on human mental
states - in the conceptualisation of the system. This use of human-like mental
states in the conceptualisation clarifies the relation between a natural language
description of a theory, which uses human-like mental state concepts, and the
formalisation of the theory. So the strong notion of agency can be used as a
basis for formalisation of psychological theories. Therefore, we will refer to an
agent that satisfies the strong notion of agency as a cognitive agent.

Definition 1.2.1 (Agent). An agent is a system that exhibits autonomy,
social ability, reactivity and pro-activeness.

Definition 1.2.2 (Cognitive Agent). A cognitive agent is an agent that
uses human-like mental states in its conceptualisation.

1.2.2

The process of cognitive agent modelling

A cognitive agent model is a formalisation of a psychological theory. A psychological theory describes the hypothesized workings of a cognitive mechanism.
Cognitive mechanisms are introduced as explanations of behavioural or brain
activity data found in experiments with human subjects. A verbal account of
a psychological theory consists of a description in natural language of various
states of the human mind and the causal relations between them. An example
of such a description would be: ”when the mind is in the state of observing a
stimulus, then this will eventually cause the mind to be in a state where a response to the stimulus is prepared”. A cognitive agent model therefore consists
of representations of mental states and the dynamics of the modelled cognitive
process. Because a cognitive agent needs to react to its environment, there also
needs to be a representation of its environmental state. An environmental state
however, can be represented in the same way as a mental state.
For the representation of mental states, a formal vocabulary is needed in a similar manner as natural language needs a vocabulary to refer to mental states. In

7

Artificial Intelligence such a vocabulary is termed an ontology7 . We will use a
definition of an ontology that is based on the definition of an ontology provided
by Gruber in [9]. Gruber states that: ”Formally, an ontology is the statement of
a logical theory.” A logical theory consists of a set of objects and their relations.
We define these objects and relations as follows: the objects are categorised
into so called sorts and the relations are predicates describing the hypothesized mental states. A sort is a set of symbols or names that refer to objects
or entities that are assumed to exist. Consider as an example the set of sorts
{kitchen supplies, office supplies}. The sort kitchen supplies consists
of objects cup, plate, and knife and the sort office supplies consists of
objects pen, notepad and calculator. The set of relations, or predicates, describing the hypothesized mental states of the agent can be parameterised, such
that for example an object of a certain sort is needed to instantiate the predicate. We term these predicates state predicates. Consider as an example the
state predicate sensor state(k:kitchen supplies). So an ontology is a set
of sorts and state predicates.
The ontology forms the vocabulary that is needed to represent mental states.
However, the ontology consists not of direct representations of mental states,
but of building blocks that can be used to build such a representation. Consider
for example the state predicate
sensor state(k:kitchen supplies) and the sort kitchen supplies that consists
of objects cup, plate, and knife. An example of a representation of a mental
state would be sensor state(cup). Another example would be sensor state(cup)
∧ sensor state(pen). In other words, mental states are represented in the form
of propositions that can be formed of the elements of the ontology.
To distinguish between a simple instantiated state predicate, such as
sensor state(cup), and a composite proposition, such as sensor state(cup)
∧ sensor state(pen), we will use the term atom to refer to an instantiated
state predicate. So an atom is a simple proposition formed from elements in the
ontology.

Definition 1.2.3 (Sort). A sort is a set of symbols or names that refer to
objects or entities that are assumed to exist.

Definition 1.2.4 (State predicate). A state predicate is an n-ary predicate
referring to a hypothesized mental state.

7 The word ”ontology” can be interpreted in many ways. Originally, it was used in philosophy to refer to the subject of existence. It is the discipline that deals with the ”nature
and organisation of reality” [10]. For an overview of other possible interpretations, see [10].
Interpretation 6 in [10] coincides with the definition provided by Gruber in [9] and with the
definition used here.
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Definition 1.2.5 (Ontology). An ontology is a set of state predicates and
sorts.

Definition 1.2.6 (Atom). An atom is an instantiated state predicate, or
in other words; a simple proposition formed from elements in the ontology.

To summarise, representation of mental states starts with the composition of an
ontology. From the ontology atoms can be built. Mental states are represented
by propositions that can be formed from these atoms. These propositions can
be simple as well as composite.
The dynamics of a cognitive process are expressed in the form of rules. Rules
express the temporal relations between mental states: if mental state A occurs,
then mental state B occurs in the future.

Definition 1.2.7 (Rule). A rule is a statement expressing the temporal
relation between two mental states A and B, where the occurrence of A is
followed by the occurrence of B.

The behaviour of a cognitive agent can thus be modelled by an ontology and
a set of rules. As an example Figure 1.6 depicts a simple cognitive agent model for the biological process of perception. The presence of an object, the
cup, in the external world is represented by a state called world state(cup).
Light reflecting off the cup reaches the eye of the agent, in other words, the
agent senses the cup. The sensing of the cup is represented by an internal
mental state sensor state(cup). The sensing of the cup leads to a representation of that cup in the brain of the agent. This is represented by an internal mental state called srs(cup), where srs stands for sensory representation
state. For this cognitive agent model, the external world is thus represented
by world state(k:kitchen supplies) and the ontology consists of state predicates sensor state(k:kitchen supplies) and srs(k:kitchen supplies)
and a sort kitchen supplies which consists of the object cup. It can be seen
here that the representation of external states has a similar structure as the
representation of mental states.
The rules describing the relations between the three state predicates of the cognitive agent depicted in Figure 1.6 are rules LP1 and LP2, stating that the occurrence of world state(cup) at time t leads to the formation of sensor state(cup)
at time t + 1 (LP1) and that the occurrence of sensor state(cup) at time t0
leads to the formation of srs(cup) at time t0 + 1 (LP2). Note that in the figure,
the actual timing relations are not stated, these are usually formalised in the
language that is used for modelling.
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Figure 1.6: The biological process of perceiving a cup (bottom), mapped to a cognitive
agent model of perceiving a cup (top).

Such a cognitive agent model can be used to infer predictions from the psychological theory. Often the model is used to run simulations from which predictions
can be derived. A language used for modelling and simulating is referred to as
a modelling language. The goal of this thesis is to find or construct a modelling
language that is suitable for cognitive agent modelling.

Definition 1.2.8 (Modelling language). A modelling language is a language for the formal modelling of a psychological theory. A modelling language can also be used for running simulations of the cognitive agent model
of a psychological theory.

The predictions derived from the cognitive agent model can be tested through
experiments with human subjects. Because these predictions are derived from
a formalised theory, they can be used to unequivocally falsify the theory. A
formalisation removes any ambiguity from a theory, so a falsification can not be
replied to with a philosophical discussion of the theory’s intended meaning. The
only possible replies to a falsification can be either a criticism of the quality of
the experiments that falsified the prediction derived from the formalised theory
or an acknowledgement that a mistake was made in the formalisation of the
theory.

1.3

Problem description

The goal of the research presented here is to find or construct a language that
is suitable for cognitive agent modelling. In finding or constructing such a
language, three issues need to be taken into account:
• Cognitive agents are systems that satisfy certain properties: they display
autonomy, social ability, reactivity and pro-activeness and their model uses
concepts of human-like mental states. Their modelling process is greatly
influenced by these properties.
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• Cognitive agents are created with a specific goal: enabling a more objective
discussion about psychological theories.
• Cognitive agent models are created and used by a group of users that
consists mainly of non-experts in the area of software development.
Taking these three issues into account, it should be defined what it means for a
language to be suitable for cognitive agent modelling.
If there is an existing language that is suitable, then it is preferable to use
an existing language over constructing a new one. The search for an existing
language however must not become a never-ending process. Existing languages
must therefore be divided into a reasonable number of categories that can be
evaluated within a reasonable amount of time.
If it turns out that there is an existing language or a set of existing languages
that is suitable for cognitive agent modelling, then it needs to be demonstrated
how this language can be used for cognitive agent modelling.
If there is no existing language that is suitable, then a language needs to be
constructed that does satisfy the requirements for a language for cognitive agent
modelling. Constructing a language from scratch is a very time consuming process, it would be preferable to adapt an existing language. In evaluating existing
languages it is therefore useful to assess not only where support for cognitive
agent modelling is lacking, but also whether there are aspects that are suitable
for reuse in creating a new language. Furthermore it should be assessed which
of the evaluated languages is best suited to be used as a starting point for
adaptation.

1.4

Overview

Section 1.3 sums up a number of steps that need to be taken to find or construct
a language that is suitable for cognitive agent modelling. First it needs to be
defined what it means for a language to be suitable for cognitive agent modelling. Chapter 2 lists the requirements for such a language.
Next, existing languages need to be evaluated. As mentioned in Section 1.3,
these need to be categorised. Chapter 3 divides generic languages into six categories and evaluates them. A special category of languages called rule-based
languages is evaluated separately in Chapter 4. In Chapter 5 the LEADSTO
language is evaluated separately.
Since none of the evaluated languages or categories of languages satisfies all
requirements, a new language needs to be constructed. As advised in Section
1.3 this new language is constructed by adapting an existing language. Chapter
6 describes which language is most fit for adaptations, which adaptations are
required and how useful properties that were found during the evaluation of
existing languages may be reused in the adaptation.
Chapters 7, 8 and 9 provide the necessary adaptations. Chapter 7 provides
11

the required adaptations to the semantics of the language. Chapter 8 resolves
the syntactical issues and Chapter 9 provides the required methods for design
and verification to accompany the newly developed language.
Throughout this thesis, every chapter is provided with a chapter abstract, summarising the results obtained in the chapter.
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Chapter 2

Requirements
Chapter abstract
As stated in Section 1.3, in finding or constructing a
language suitable for cognitive agent modelling, three
issues should be taken into account: the five properties
defining what a cognitive agent is and their influence
on the modelling process, the goal of enabling a more
objective discussion about theories and the specific group
of non-expert users of the language. From each of these
three issues a set of requirements is derived. Following
chapters will use the division of the requirements into these
three categories in the evaluation of languages.
The requirements are labelled for future reference: D
for requirements following from the five properties definining what a cognitive agent is and the characteristics of the
modelling process, G for requirements following from the
goals of cognitive agent modelling and U for requirements
following from the specific group of users.

2.1

Definition induced requirements

Section 1.2 describes the characteristics of cognitive agent modelling and the
characteristic behaviour of a cognitive agent. A language suitable for cognitive
agent modelling should support these characteristics. Section 1.2.1 states that
cognitive agents are systems that satisfy the strong notion of agency (see Definition 1.2.2). A cognitive agent displays autonomy, social ability, reactivity
and pro-activeness and it uses the concept of human-like mental states in its
conceptualisation. Below, the requirements following from the characteristics of
cognitive agents will be discussed for each of these five properties.1
1 These

requirements are discussed in an order that avoids referring forwards.
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2.1.1

Human-like mental states

The use of human-like mental states in the conceptualisation of an agent implies
that there should be support for the explicit representation of mental states.
What such mental states actually are is mostly part of the theory under investigation. Therefore, no strong restrictions should be imposed on what comprises
a mental state representation. It should for example be possible to represent
states like a belief concerning a certain object (e.g. belief(x:object)), but
also to represent states like beliefs regarding the beliefs of another agent (e.g.
belief(a:agent, belief(x:object))). The modeler should be allowed freedom to compose his own vocabulary to represent mental states. As mentioned in
Section 1.2.2, in Artificial Intelligence, such a vocabulary is termed an ontology.
Requirement D 1 (Ontology). The language should incorporate a means of
expressing an ontology.
The requirement that the language should incorporate a means of expressing
an ontology places a direct demand on the syntax of the language. This is
no surprise since the requirement that a cognitive agent should use humanlike mental states in its conceptualisation is also a demand on the model itself.
Requirements in the remainder of this section will be aimed at allowing certain
behaviour to be modelled regardless of the way in which it is modelled, as the
weak notion of agency only places demands on the displayed behaviour of the
agent, not on the way in which this behaviour is modelled.

2.1.2

Autonomy

Cognitive agents display autonomy. In order for an agent to be able to display
autonomous behaviour, it must execute actions, it must execute these actions
based on its own internal mental state and these actions must be observable in
the environment. So for a cognitive agent to display autonomy, it must contain
a specification of actions that it can execute, it must contain a representation
of its own internal mental state and it must contain a representation of its
environment.
Requirement D 2 (Specification of actions). The language should incorporate
a means of specifying actions.
Requirement D 3 (Representation of internal mental state). The language
should incorporate a means of representing the agent’s internal mental state.
Requirement D 4 (Representation of external environmental state). The language should incorporate a means of representing the environmental state.

2.1.3

Social ability

An agent’s social ability leans on its ability to perceive other agents (and possibly humans) and their communications and to form communicative actions of
its own. Furthermore, other agents (and possibly humans) should be able to
receive the agent’s communications.
An agent’s ability to perceive other agents and humans and their communications is implied by its ability to perceive its environment. An agent’s ability
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to perceive its environment hinges on the fact that the environmental state
should be represented within the agent model. Requirement D 4 states that
there is a need for a representation of environmental state.
The ability to form communicative actions is implied by the ability to form
actions. Requirement D 2 states that there is a need for specification of actions.
Communicative actions formed by the agent can be made available to other
agents (and humans) through the environment. This is also covered by Requirement D 4.
It should be noted here that, in case of the construction of a multi-agent model,
it can be useful to allow a more direct form of communication instead of forcing
communication to take place using environmental states. However, the scope
of this thesis is restricted to cognitive agent models constructed with the goal
of formalising a psychological theory. These are usually ’single’-agent models.
Therefore, the choice was made not to include any requirements regarding such
a direct form of communication.

2.1.4

Reactivity

In order for an agent to interact with its environment, to display reactivity,
the agent needs to be able to perceive its environment and reactions to this
environment need to be specified. A representation of the environment and a
specification of actions are therefore necessary. Requirements D 4 and D 2 state
the need for a representation of the environment and specification of actions.
Reactivity is described in Section 1.2.1 as responding to changes in the environment in a timely fashion. This means that besides a specification of actions,
also a specification of temporal relations between certain states (whether environmental or mental) and actions needs to be specified.
Requirement D 5 (Temporal relations between states and actions). The language should incorporate a means of expressing temporal relations between (mental and/or environmental) states and actions.
Besides a specification of the temporal relations between states and actions, it
is also necessary to have a representation of the time point or interval at which
a (mental or environmental) state occurs, so that the time point or interval at
which another mental state needs to be formed or an action needs to be executed
can be determined.
Requirement D 6 (Representation of time of occurrence of mental and environmental states). The languages should incorporate a means of representing
the time of occurrence of mental and environmental states.
Finally, an agent can not show any reactive behaviour, if its actions can not cause
any changes to the environment. This was already covered by Requirement D 4.

2.1.5

Pro-activeness

In order to define pro-active behaviour within an agent model, concepts such as
goals and desires should be used and these concepts should be able to trigger
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certain behaviour. Goals and desires are internal mental states. Requirement
D 3 already states that the language needs to incorporate a means to represent
an agent’s internal mental state. The triggering of actions by goals and desires
requires a specification of actions. Requirement D 2 states this need for a means
of specifying actions.
As for reactive and autonomous behaviour, displaying pro-active behaviour requires that actions can cause changes in the environment. This was already
covered by Requirement D 4.

2.2

Goal induced requirements

The main goal of cognitive agent modelling is to enable a more objective discussion about psychological theories. Through formalisation, ambiguities are
resolved and discussions regarding the specific interpretation of a theory can
be avoided. The only possible replies to the falsification of a formalised theory
can be either a criticism of the experiments that falsified the prediction derived
from the formalised theory, or an acknowledgement that a mistake was made
in the formalisation of the theory. The latter indicates that support for the design of valid and correct models should be available. We use the terms validity
and correctness as they are defined in Definitions 2.2.1 and 2.2.2 respectively.
Design of valid and correct models can be supported through the use of a design methodology. It is also possible to verify correctness and validity of the
model after construction, using verification methods such as model checking or
theorem proving.

Definition 2.2.1 (Valid model). A valid model is a model that has the
semantics that the modeler intended to model.

Definition 2.2.2 (Correct model). A correct model is a model that does
not contain any errors, such as contradictions and infinite loops.

Requirement G 1 (Design methodology). The language should provide support for the application of a design methodology.
Requirement G 2 (Verification methods). The language should provide support for the application of verification methods such as theorem proving and
model checking.
Applying verification methods requires a language in which desired properties of
the model can be expressed. Such a language is called a specification language.
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Definition 2.2.3 (Specification language). A specification language is a
language used for expressing properties of a cognitive agent. These properties can then be verified on a cognitive agent model by using theorem
proving, or they can be verified using a form of model checking.

Discussion about models is aided by the use of a standard way of modelling. Often, formalism allow multiple ways of expressing the same thing. A restriction
on the number of ways in which something can be expressed will make it more
easy to communicate about models. It will make it more easy for researchers to
adapt models constructed by other researchers and to compare models. Therefore, there should be a restriction on the number of ways in which something
can be expressed. Preferably there should be a standard way of expressing the
concepts used in cognitive agent modelling.
Requirement G 3 (Universal standard). The language should provide a standard way to model certain concepts. There should be a restriction on the number
ways in which something can be expressed.
The validity of a theory is investigated through deriving predictions from it
and testing these predictions. An advantage of a formalised theory is that
it can be used to run simulations. Through running simulations, predictions
can be automatically generated. In order to support this automatic generation
of predictions, it should be easy to provide the model with input parameters.
Furthermore, the simulation results should be presented in such a manner that
they are easily interpretable.
Requirement G 4 (Input parameters). The language should incorporate a
means of providing a model with input parameters.
Requirement G 5 (Easily interpretable simulation results). The language
should support running simulations. The results of running a simulation should
be easily interpretable.

2.3

User induced requirements

Finally, it should be taken into account that a theory needs to be formalised
by its creator. Researchers in psychology can not be assumed to have a strong
background in formal methods and verification techniques. Therefore, the language should be a very high-level language and the models that can be created
with it should be easy to read by fellow psychological researchers. Furthermore
the design methodology and verification methods that it supports should be
easy to apply and their results (e.g. proofs and counter examples) should be
easy to understand.
Requirement U 1 (Easily readable models). The language should be a highlevel language and it should support the creation of models that are easily readable
for non-experts in the area of software construction.
Requirement U 2 (Easy application of design methodology). The design methodology provided for the language should be easy to apply.
17

Requirement U 3 (Easy application of verification methods). The verification
methods provided for the language should be easy to apply and the results of their
application should be easy to understand.
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Chapter 3

Generic languages
Chapter abstract
Cognitive agent modelling is a very young discipline, for
which a dedicated language has not yet been developed.
This chapter investigates whether there exists a generic
language that can be used for the purpose of cognitive
agent modelling. When such a language exists, its use is
advantageous over the construction of a new dedicated
language because it is more efficient and often methods
and tools for using the language have matured over time,
making them more dependable and robust.
Six categories of generic languages are evaluated. None of
the categories fits the requirements provided in Chapter 2.
The modelling of the dynamics of a cognitive agent model
is a problem for most languages. Furthermore, generic
languages allow the modeler a lot of freedom. This freedom
burdens the modeler with the responsibility to model a
user friendly interface for the provision of input and the
presentation of simulation results and to create an easily
readable model. The lack of a standard way of modelling
concepts such as ontologies and rules makes it more difficult
for researchers over the world to communicate about a
model. Finally, the application of design methodologies
and verification methods is too difficult for a non-expert
user.
Strong points of generic languages that may be reused or used as inspiration for the creation of a new,
dedicated language for cognitive agent modelling include
the options that object oriented languages provide for
structuring mental states and separating internal from
external states, the maturity of the field of design methodologies and verification methods for imperative languages
and the intuitively appealing design methodologies and
verification methods provided by logic languages.
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3.1

Motivation for evaluating generic languages

A dedicated language is a language that is designed with the purpose of supporting the design of a specific type of software. Besides dedicated languages, there
also exist generic languages, which are designed with the purpose of supporting
the construction of several types of software. Since cognitive agent modelling
is a very young and very specific type of software design, it is not surprising
that there is no dedicated language supporting cognitive agent modelling. What
usually happens in very new disciplines in the area of software design is that
generic languages are used to avoid the difficult and time consuming process
of creating a dedicated language. If there is such a generic language that is
suitable for cognitive agent modelling, then there is no need for the design of a
dedicated language.

Definition 3.1.1 (Dedicated language). A dedicated language is a language
that is designed with the purpose of supporting the design of a specific type
of software.

Definition 3.1.2 (Generic language). A generic language is a language
that is designed with the purpose of supporting the design of several types
of software.

Since many of these generic languages are widely used, their maturity can be
exploited: many improvements may have been made over the years of their use,
they are extensively documented and there is even a wealth of methods available
for design and verification. The existence of a suitable generic language would
save the trouble of going through the complete development cycle of creating a
dedicated language, evaluating and testing it, improving it, and so on, and of
developing specialised methods for design and verification.
There are many different generic languages. They can not all be evaluated
here. Therefore, they will be divided into several categories. This chapter uses
the division suggested in [19]:
•
•
•
•
•
•

imperative languages
object oriented languages
concurrent languages
functional languages
logic languages
scripting languages

Below, definitions for these categories of generic languages are provided. The
division into categories should not be taken too strictly. It may be the case that a
language has aspects of two or more categories. The division is used to evaluate
the typical concepts of each category. The evaluation of these categories taken
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together is intended as an evaluation of the use of any generic language for the
modelling of cognitive agents.

Definition 3.1.3 (Imperative language). An imperative language is a language that uses variables to model a state and commands to update the
values of these variables and thereby the state.

Definition 3.1.4 (Object oriented language). An object oriented language
is a language that uses objects and classes to model a state and the commands that may update a state. The use of classes introduces a partitioning
of the set of variables and functions into subsets.

Definition 3.1.5 (Concurrent language). A concurrent language is a language that allows the design of processes that may be executed in parallel.

Definition 3.1.6 (Functional language). A functional language is a language that uses functions and expressions to model the mapping from input
state to output state.

Definition 3.1.7 (Logic language). A logic language is a language that
uses relations to model a state. The inputs to a logic program are queries
and the outputs are the answers to the queries.

Definition 3.1.8 (Scripting language). A scripting language is a language
that is used to model a system that glues subsystems together. Scripting
languages are characterised by rapid development and evolution of the programs that are written in such a language, modest efficiency requirements
(often they are used only once or for a very short period of time) and a very
high-level functionality in application-specific areas [19]. They all share the
concepts of high-level string processing, high-level graphical user interface
support and dynamic typing [19].
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3.2
3.2.1

Evaluation of definition induced requirements
Imperative languages

Imperative languages use variables to model states and commands to update a
state. Since most requirements from the definition of a cognitive agent and the
characteristics of cognitive agent modelling hinge on the concept of representing
mental states and the rules for updating them, most of these requirements are
satisfied by imperative languages. Mental states can be represented by variables
and rules can be expressed by commands.
However, Requirements D 5 and D 6 are not satisfied by imperative languages.
A command only updates a state in the next time step, there is no direct means
of specifying any other timing relations between two states. Variables that receive a certain value retain that value until it is explicitly changed. Therefore,
there is no explicit way to represent a time of occurrence of a state.

3.2.2

Object oriented languages

An object oriented language is an extension to an imperative language. Instead
of using sets of variables to represent a state, an object can be used to represent a
state. Operations that change this state are specified as operations on the object
instead of operations on variables. Object oriented languages therefore present
the same problems with expressing the dynamics of a model. (Requirements
D 5 and D 6). However, object oriented languages do provide a more natural
way of representing an agent’s internal and external state as separate from each
other, using a class to represent the agent’s internal state and another class
to represent its external state. Furthermore, subclasses can provide a more
structured way of representing the agent’s internal mental states.

3.2.3

Concurrent languages

For concurrent languages the same problems exist as for imperative languages:
there is no straightforward representation of the time course of events. Since
it is the representation of the time course that is of interest in cognitive agent
modelling, and not the time course itself, parallel execution does not help any of
the timing issues in Requirements D 5 and D 6. Parallel execution may improve
efficiency of simulations, but since simulations are usually not extremely large
- only a small part of brain functioning is modelled - and the simulations are
executed only a couple of times, efficiency is not much of an issue for cognitive
agent modelling.

3.2.4

Functional languages

Functional languages provide no explicit representation of state, because the
concept of variables is not used. Therefore, functional languages do not provide
a means of expressing an ontology, they do not satisfy Requirement D 1 and
they provide no means of representing an agent’s internal mental state and an
environmental state, they do not satisfy Requirements D 3 and D 4.
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Functional languages do provide a more natural means of dealing with the representation of timing of reactions (Requirement D 5). Consider for example
sensor state(x, t + 1) = world state(x, t)
However, since there is no representation of state, the representation of the
time point at which a change occurs in the environment is not supported (Requirement D 6).

3.2.5

Logic languages

Logic languages consist not of commands or expressions that map one state onto
another, but of relations. Therefore, there is no state that changes over time.
Since there is no changing state, Requirements D 5 and D 6 can not be satisfied
by logic languages. Furthermore, because the input to a logic program consists
of queries and the output of answers to these queries, logic languages do not
provide a natural way of modelling cognitive processes.
Logic languages do provide a natural way of expressing a mental state. Mental states can be represented by boolean variables. Truth of a variable means
presence of a state, falsehood of a variable means absence of a state. This resembles neural activity, where firing means the presence of a state and not firing
means the absence of a state. So logic languages do provide strong support for
Requirement D 3.

3.2.6

Scripting languages

Scripting languages are in many ways similar to imperative and object oriented
languages. They use variables and commands and possibly also objects and
classes to model a state. Therefore, scripting languages have the same shortcomings as imperative and object oriented languages.

3.3
3.3.1

Evaluation of goal induced requirements
Imperative languages

For imperative languages, development of methods for design and verification
has very much matured. Growing demand for correctness of programs in the
industry has lead to the development of verification methods such as model
checking and theorem proving. Model checking of imperative programs is done
using state transition graphs and a temporal logic such as LTL. Many tools
are available supporting automated model checking. For an introduction to the
subject see [3] and [13].
Theorem proving on imperative programs can be done using several techniques
such axiom systems, natural deduction and tableaux resolution. For an introduction to propositional logic and the subject of theorem proving, see [7], [13]
and [17]. Methods for the derivation of correct programs have been developed
using techniques such as Hoare triples and invariants. An introduction to the
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so called calculational style of programming, which uses Hoare triples and invariants to derive correct programs, is given in [15]. So for imperative languages,
Requirements G 1 and G 2 are satisfied.
However, there is no standard way of using variables and commands to represent
objects and actions in the real world, or in the brain/mind. For example, the
simple cognitive agent model of Figure 1.6, can be expressed in many ways using
an imperative language. The mental states sensor state(cup) and srs(cup)
can be expressed as boolean variables. But it is also possible to represent
sensor state and srs as variables of the type string or text, such that in
the model of Figure 1.6, sensor state="cup" and srs="cup". Another possibility is to express sensor state and srs as arrays of time×value where
value can represent cup as for example text or an object.
Rules LP1 and LP2 can also be expressed in several ways. They can for example
be expressed as implications, stating that if world state(x) at time t, then
sensor state(x) at time t + 11 . But it is also possible to express them as a
functions that take as input two parameters ip1 and ip2, where for example
ip1=world state(x), ip2= t for LP1, and return two values ov1 and ov2,
where for example ov1=sensor state(x),ov2= t + 1 for LP1. Depending on
the specific language, there may be many other ways to express mental states
and the relations between them. Requirement G 3 is therefore not satisfied.
Furthermore, representation of input parameters may be a difficult issue using
imperative languages. Because imperative languages are often used for several
widespread goals, no standard interface for the provision of input is available.
The modeler needs to design a user interface in which the user can provide input to the program. It is really up to the modeler whether there is a way of
presenting the model with input parameters and whether this is a user friendly
way. So there is no real support for Requirement G 4.
A user interface does not only serve the purpose of providing input to the program, it also provides a means of presenting the output of the program to the
user. Whether the simulation results - or in other words the output of the program - are presented in an easily interpretable way is again up to the modeler.
So there is also no real support for Requirement G 5.

3.3.2

Object oriented languages

For object oriented languages, methods for design and verification are not as
abundant as for imperative languages. Building a state transition graph for
model checking is not as straightforward for object oriented models as for imperative models. Theorem proving is also more difficult, but Bertrand Meyer’s
system of class invariants has opened the way for applying theorem proving to
object oriented models. This system of class invariants can also be used to in
the design of object oriented programs. This design methodology is called design by contract. So Requirements G 1 and G 2 are satisfied by object oriented
1 Or, when world state and sensor state are of type string or text: if world state= x at
time t then sensor state= x at time t + 1. Or when an array is used to express mental states
at certain time points: if world state[t]= x then sensor state[t + 1]= x, etc.
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languages, although available methods and tools are much less abundant then
for imperative languages. For an introduction to design by contract and class
invariants see [16].
Since object oriented languages are an extension to imperative languages, Requirement G 3 is not satisfied for the same reason as given in Section 3.3.1 and
no real support is provided for Requirements G 4 and G 5 for the same reasons
as given in Section 3.3.1.

3.3.3

Concurrent languages

Although concurrent programs have a larger state space than imperative languages, there are methods for creating state transition graphs that can be used
for model checking. Specifications for concurrent programs can be expressed
using a temporal logic such as CTL or CTL*. For an introduction to the subject see [3] and [13].
Methods for theorem proving are also available. These are based on the OwickiGries theorem in combination with methods for theorem proving for imperative
languages. Methods for designing correct programs also use the Owicki-Gries
theorem, in combination with synchronisation using semaphores. An introduction to theorem proving and design methodologies for concurrent languages can
be found in [6]. Requirements G 1 and G 2 are satisfied by concurrent languages.
Since concurrent languages are an extension to imperative languages, Requirement G 3 is not satisfied for the same reason as given in Section 3.3.1 and no
real support is provided for Requirements G 4 and G 5 for the same reasons as
given in Section 3.3.1.

3.3.4

Functional languages

Functional programs provide no explicit representation of state, so formation of
a state transition graph, which is the basis for model checking techniques, is not
possible. Theorem proving however, is possible on functional programs. The
sole use of functions in the construction of models makes induction a perfect
candidate for theorem proving on such models. Induction can also be used in
the design of programs, so induction also provides a design methodology. Requirements G 1 and G 2 are therefore satisfied for functional languages. For
an introduction to the subject of designing and verifying functional programs
using induction, see [8] and [14].
In Section 3.2.4 it was already mentioned that functional languages provide
no means of expressing an ontology. Expressing rules is possible however, but
there is no standard way of expressing a rule, so there is no support for Requirement G 3. Consider for example the rule; if sensor state(x) occurs for a
time steps, then srs(x) occurs in the next c time steps. This can be expressed
in a functional language as follows:
srs(x,t+a+1) = is true(sensor state,x,t,a)
srs(x,t+a+2) = is true(sensor state,x,t,a)
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...
srs(x,t+a+c-1) = is true(sensor state, x,t,a)
is true(sensor state,x,t,a) = sensor state(x,t+a) ∧
is true(sensor state,x,t,a-1)
is true(sensor state,x,t,0) = true
But it can also be expressed as follows:
srs(x,t) = is true(sensor state,x,t-1,a)
srs(x,t+1) = is true(sensor state,x,t-1,a)
...
srs(x,t+c-1) = is true(sensor state,x,t-1,a)
is true(sensor state(x,t-1,a) = sensor state(x,t-1) ∧
is true(sensor state,x,t-2,a-1))
is true(sensor state,x,t,0) = true
As in imperative, object oriented and concurrent languages, the modeler is responsible for constructing a user interface through which input parameters can
be provided to the program and for the presentation of simulation results. So
again, no real support is provided for Requirements G 4 and G 5.

3.3.5

Logic languages

Logic languages use the notion of relations instead of states. It is therefore not
possible to form a state transition graph for a model in a logic language, so
model checking on a logic program is not possible. Theorem proving is possible
though. Because logic programs use the notion of relations instead of states,
they have a semantics that can be used both as a modelling language and as
a specification language. Therefore, propositional logic can be used to prove
equivalence between a desired result and the logic program.
Designing a valid and correct program can be done in a similar manner. Logic
languages only allow propositional formulae in a certain form: they only allow
Horn clauses2 . Correct and valid design can be obtained using propositional
logic in a top-down stepwise refinement manner. The desired result can first
be expressed in the form of a propositional formula. This formula can then be
rewritten to a set of Horn clauses using the logic derivation rules. Requirements
G 1 and G 2 are therefore satisfied by logic languages.
As mentioned in Section 3.2.5, rules are difficult to express in logic languages.
So there is definitely no standard way to express a rule. An ontology, however,
can be represented and relations between elements of the ontology can be expressed. These elements consist only of boolean variables. Therefore, in logic
languages there is a standard way of modelling the concept of ontology. Logic
languages therefore provide slightly more support for Requirement G 3 than
other categories of generic languages.
2 Horn

clauses are statements of the form a ∧ b ∧ . . . ∧ n ⇒ m.
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Providing a logic program with input-parameters is not possible. The input to a
logic program consists of queries. A query can for example be ”is body state(x)
true at time t?”. The input of the agent model - for example: ”world state(y)
should be true at time t’” - then needs to be defined within the program. The
model can not be parameterised in a similar manner as imperative programs
can. Therefore, Requirement G 4 is not satisfied.
The output of a logic program is an answer to a query. Whether these answers are presented in an easily interpretable way depends on the one hand on
the modeler and on the other hand on the specific logic language that is used and
the standard interface that this language provides. Some languages provide a
means of constructing a graphical interface. In this case it is the responsibility of
the modeler to construct an interface that provides easily interpretable results.
However, most logic languages have a standard interface for presenting query
answers. In this latter case, whether query answers are easily interpretable depends mainly on the interface of this language. These standard interfaces are
often not very user friendly. It should also be noted that in order for the query
answers to represent a complete overview of the simulation results, the queries
should cover all of the mental states that are relevant for the researcher to review. Whether this is the case is the responsibility of the party that constructs
the queries; the modeler. So there is no real support for Requirement G 5.

3.3.6

Scripting languages

Because scripting languages are characterised by rapid development of scripts,
there is no real demand for methods for correct and valid design and verification for scripting languages. Therefore, no such methods have been developed
specifically for scripting languages. However, because scripting languages are
in many ways similar to imperative and object oriented languages, the same
methods for design and verification can be used as for imperative or object
oriented languages (dependent on whether the model contains objects or not).
Requirements G 1 and G 2 are therefore satisfied.
Due to the similarity between scripting languages and imperative and object
oriented languages, Requirement G 3 is not satisfied for the same reasons as
given in Section 3.3.1. Furthermore, there is no real support for Requirements
G 4 and G 5 for the same reasons as given in Section 3.3.1. However, scripting
languages do provide high-level support for the design of graphical user interfaces, so even though it is still the responsibility of the modeler to construct a
user interface that allows the provision of input to the program and that presents simulation results in an easily interpretable manner, there is more support
for Requirements G 4 and G 5 from scripting languages then from imperative
or object oriented languages.
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3.4
3.4.1

Evaluation of user induced requirements
Imperative languages

Whether use of imperative languages results in easily understandable models is
very much dependent on how the model is constructed. As mentioned in Section
3.3.1, there are many different ways to construct a model that shows the same
behaviour. It is the responsibility of the modeler to construct the model in such
a way that it is easily readable for his fellow researchers. Therefore, there is no
real support for Requirement U 1.
The ease of use of design methodologies and verification methods for imperative
languages depends largely on the complexity of the programs constructed. But
even though the use of Hoare triples and natural deduction for simple programs
is no problem for an expert in the area of software design, for non-experts, these
are methods that need to be learned first. The same holds for the use of LTL.
Fortunately these methods are fairly easy to learn when applied to simple programs. In general, cognitive agents, consisting only of an ontology and a set of
rules, can be considered to be simple programs.
After learning to apply these methods, interpretation of the results of applying
them is straightforward for theorem proving. For model checking, ease of interpretation of the results is very much dependent on the tool that is used. Tools
that only provide the result ”true” or ”false” after checking the validity of an
LTL-formula on a state transition graph are not very useful, especially in case
the answer is ”false”. Tools used for model checking on cognitive agent models
should provide counter examples in the case of a ”false” answer. Such tools do
exist for imperative languages.
So there is moderate support for Requirements U 2 and U 3, provided that
documentation of how to use these methods specifically for cognitive agent modelling, written on the level of a non-expert in the area of software design and
verification, is available and a model checking tool is used that provides counter
examples.

3.4.2

Object oriented languages

Good use of object oriented languages results in models that are easier to understand compared to imperative languages. The use of classes provides better
structure to a model. However, good use of object oriented languages is more
difficult to learn than good use of imperative languages. Furthermore, for object oriented languages the same holds as for imperative languages: it is the
responsibility of the modeler to construct models that are easy to read for fellow researchers. So object oriented languages also provide no real support for
Requirement U 1.
Application of design methodologies and verification methods is much more
difficult for object oriented languages compared to methods for imperative languages. Few tools are available for verification of object oriented models and
applying methods manually requires a decent education. Therefore, Require28

ments U 2 and U 3 are not satisfied.

3.4.3

Concurrent languages

Use of concurrent languages results in models that are more difficult to read than
models constructed using imperative languages. Even though as for imperative
and object oriented languages, for concurrent languages, the responsibility of
constructing an easily understandable model lies with the modeler, the use of
concurrent languages unnecessarily complicates matters, because concurrency
is in general not a necessary property of cognitive agent models.3 Requirement
U 1 is therefore not satisfied.
The same holds for the ease of application of design methodologies and verification methods. They are unnecessarily more complicated than methods for
imperative languages. Therefore, Requirements U 2 and U 3 are not satisfied.

3.4.4

Functional languages

As mentioned in Section 3.2.4, the construction of rules may be easier in functional languages compared to imperative languages. However, since rules can
be expressed in several different ways, readability is still the responsibility of
the modeler. Therefore, there is no real support for Requirement U 1.
Application of theorem proving and a design methodology on functional models requires the use of induction. The use of induction requires education.
However, methods of deduction and induction are often taught side by side in
introductory courses. So as for imperative languages, documentation can be
provided on a non-expert level on how to use induction on cognitive agent models. In this respect, support for Requirements U 2 and U 3 is comparable to
support provided by imperative languages. However, as mentioned in Section
3.3.4, model checking on functional programs is not possible. Model checking
with the use of tools is easier than applying theorem proving. In this respect,
there is less support for Requirement U 3 from functional languages than from
imperative languages.

3.4.5

Logic languages

Logic languages are very high-level languages, and therefore, logic models are
more easy to read compared to imperative models. However, readability is still
very much dependent on choices of the modeler. For example, the effects of
using a small number of large clauses on readability need to be outweighed to
the effects of using a large number of small clauses. So readability is still largely
the responsibility of the modeler, but there is better support for Requirement
U 1 compared to the support provided by imperative languages.
3 It is often assumed that the brain can do fast computations by exploiting concurrency, but
cognitive agent models are not models of complete brain functioning. Cognitive agent models
model only a very small part of brain functioning. These models have a low complexity, and
running simulations of the models using concurrency therefore has no real advantage over
running simulations without the use of concurrency.
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As mentioned in Section 3.3.5, model checking on logic programs is not possible. However, because logic programs have a semantics that can be used for
modelling as well as for specification of desired properties, theorem proving on
logic programs is considerably easier then it is on imperative languages. Furthermore, applying stepwise refinement from specification to model provides an
intuitively appealing design methodology. Therefore, support for Requirements
U 2 and U 3 is much better for logic languages than for imperative or functional
languages. It should be kept in mind though, that for non-experts, education
will still be necessary in order to learn correct application of deduction rules.

3.4.6

Scripting languages

Scripting language are also high-level languages, but the readability of scripts
is very much dependent on choices of the modeler. Relative novices are capable
of using scripting languages, as can be seen in web development. But in order
to construct well structured and correct scripts, some experience is necessary.
Therefore there is no real support for Requirement U 1.
It was already mentioned in Section 3.3.6 that because scripting languages are
in many ways similar to imperative and object oriented languages, the same methods for correct and valid design and verification can be used as for imperative
or object oriented languages (dependent on whether the model contains objects
or not). Therefore, support for Requirements U 2 and U 3 is either moderate as
for imperative languages, or absent as for object oriented languages, dependent
on whether the script makes use of class structures.

3.5

Conclusion

In general, it can be stated that generic languages are not suitable for cognitive
agent modelling, because none of the categories discussed fits the requirements.
For most languages, the modelling of rules and their dynamics is not straightforward. The expression of the dynamics of a system, the time course over which
events take place, is something that is especially important in cognitive agent
modelling, since cognition and behaviour are processes that have a specific time
course, and it is this time course that is often of interest in theories regarding
human behaviour and cognition.
Functional languages may form an exception to this: they provide a more convenient way of expressing the dynamics of rules, but functional language lack the
capacity of modelling an ontology and they still lack the the capacity of modelling the time of occurrence of a mental or environmental state. Object oriented
languages also provide an advantage with respect to the requirements that follow from the definition of a cognitive agent: they provide a convenient way of
structuring an agent model in such a way that internal and external states are
explicitly separated from each other.

30

Considering the definition induced requirements, it can be stated that:
Generic languages are not suitable, because
• Modelling of rules and their dynamics is not straightforward. (Requirements D 5 and D 6)
However, reusable aspects are
• Functional languages provide a convenient way of expressing the dynamics
of rules. (Requirement D 5)
• Object oriented languages provide a convenient way of structuring an
agent model in such a way that internal and external states are explicitly separated from each other. (Requirements D 3 and D 4)
The goals of cognitive agent modelling lead to requirements regarding design
methodologies and verification methods. For imperative languages, an abundance of methods is available. These can assumed to be dependable, robust
methods, due to the maturity of the field of research into these methods for
imperative languages. For object oriented, concurrent, functional and scripting
languages, the field of research is less matured, but for each of these categories of
languages, methods are available. Logic languages have a convenient semantics
that can be used for modelling as well as for specification, so correct and valid
design and verification can be achieved using natural deduction.
The lack of a standard way of modelling the concepts involved in cognitive
agent modelling will make it difficult for researchers to communicate their formalised theories and to compare theories. The latter is especially useful for
opposing theories. The freedom to specify a theory in many ways is a feature of
all categories of generic formal languages that stands in the way of generating
insight into a specific theory for a large group of researchers. Also, insight into a
set of theories explaining similar behaviour is more difficult to obtain when each
theory can use its own way of representing the concepts of ontology and rules.
Logic languages do provide some restriction to the modelling of an ontology,
because they only allow the use of boolean variables.
Provision of input parameters is also a point of concern for generic languages.
Because they are used for a wide variety of goals, a standard concept with a
standard user interface for the provision of input is not available. The modeler
is responsible for finding a representation for input parameters and constructing
a user friendly user interface through which the input can be provided. For logic
languages the situation is even worse. Input to a logic model can only be given
in the form of queries, not in the form of events that occur in the environment
of the agent.
Construction of an interface in which simulation results are presented in an
easily interpretable manner is also the responsibility of the modeler. This is
a very great responsibility for a group of users that must be considered to be
non-experts in this area.
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Considering the goal induced requirements, it can be stated that:
Generic languages are not suitable, because
• No standard way of modelling the concepts involved in cognitive agent
modelling is provided. (Requirement G 3)
• No standard way of providing input parameters is provided. (Requirement
G 4)
• No standard way of presenting simulation results is provided. (Requirement G 5)
However, reusable aspects are
• Design methodologies and verification methods are abundant for imperative languages and research into these subjects has very much matured.
(Requirements G 1 and G 2)
• Logic languages have a semantics that can be used for modelling as well as
for specification, allowing the simple application of natural deduction as
a design methodology and for verification. (Requirements G 1 and G 2)
• In logic languages, restrictions are provided for the representation of an
ontology. Allowing only boolean variables provides a first step towards a
standard way of representing the concept of an ontology. (Requirement
G 3)
The amount of freedom possessed by a modeler using a generic language forms
another problem. Readability of models is largely the responsibility of the modeler. Especially for the specific group users who need to be considered to be
non-experts, this is an unacceptable feature of generic languages. It should
be noted though that the use of high-level languages such as logic languages
and scripting languages provides an advantage regarding the requirement of
constructing easily readable models over the use of lower-level languages.
The group of non-expert users also forms a problem for the advantage that
generic languages have in the development of design methodologies and verification methods: although a wealth of such methods is available, most of them
are not easy to use. However, for some methods, applying them to simple
models - such as cognitive agent models - is something that can be taught to
non-experts. Furthermore, it should be noted that the fact that the semantics
of logic languages can be used for modelling as well as for specification makes
methods of design and verification for this category of languages easier to apply.
Especially the top-down stepwise refinement method of developing logic models
is intuitively appealing.
Considering the user induced requirements, it can be stated that:
Generic languages are not suitable, because
• Readability of models is largely the responsibility of the modeler. (Requirement U 1)
• Application of methods for design and verification is too difficult. (Requirements U 2 and U 3)
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However, reusable aspects are
• Logic languages and scripting languages are high-level languages. It is
easier to construct easily readable models using a high-level language than
it is using a low-level language. (Requirement U 1)
• Given that cognitive agent models are relatively simple models and given
documentation at a non-expert level directed specifically at applying methods for design and verification on cognitive agent models, application of
these methods is something that can be taught. (Requirements U 2 and
U 3)
• Logic language have a semantics that can be used for modelling as well
as for specification, thereby making application of methods for design and
verification easier. (Requirements U 2 and U 3)
• The method of correct and valid design through top-down stepwise refinement for the development of logic models is intuitively appealing. (Requirement U 2)
Table 3.1 provides an overview of support for the requirements from the six
categories of generic languages.

D
D
D
D
D
D
G
G
G
G
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U
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1
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3
4
5
6
1
2
3
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imperative
+
+
+
+
−
−
++
++
−
−
−
−
−+
−+

object
oriented
+
+
+
+
−
+
+
+
−
−
−
−
−
−

concurrent
+
+
+
+
−
−
+
+
−
−
−
−
−
−

functional
−
+
−
−
+
−
+
+
−
−
−
−
−
−

logic
+
−
+
+
−
−
++
++
−+
−−
−
−+
+
−+

scripting
+
+
+
+
−
−
+
+
−
−
−
−+
−
−

Table 3.1: Overview of support for requirements from generic languages.
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Chapter 4

Rule-based languages
Chapter abstract
Rule-based languages are languages that consist only of the
concepts of facts and causal rules. The concept of causal
rules provides a standard way of representing rules. Furthermore, rule-based languages are assigned an operational
semantics that provides support for explicit representation
of the time-course of the occurrence of mental and environmental states. However, it is not possible to specify
exact timing relations between states. Also, there are no
existing design methodologies and verification methods for
rule-based languages. An important advantage of rule-based
languages is that their restricted syntax results in a language
that is easy to use, even for non-experts. Compared to the
generic languages discussed in the previous chapter, rulebased languages provide better support for the modelling of
dynamics, for a standard way of modelling and for ease of
use, but the absence of methods for design and verification
and the inability to specify exact timing relations form a
problem for the use of a rule-based language for cognitive
agent modelling.

4.1

Motivation for evaluating rule-based languages

The categories of generic languages discussed in Chapter 3 are not suitable for
cognitive agent modelling. The most important reasons for this are that it is
difficult to express the dynamics of a cognitive agent model, the languages do
not provide standard ways of representing an ontology and a set of rules and
design methodologies and verification methods are too difficult to apply for nonexperts. Rule-based languages may provide a way to deal with at least the first
two of these three issues.
Rule-based languages are languages that consist only of the concepts of facts
and rules [11]. Rule-based models consist of a set of facts and a set of rules. It
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should be stated that the usage of the term rule in rule-based languages does not
necessarily coincide with the definition of the term rule provided in Definition
1.2.7. In order to distinguish between the two different usages of the term, here
the term rule as it is used in rule-based languages will be referred to as causal
rule. A causal rule is a statement of the form α ⇒ β expressing a causal relation
between two states α and β. In such a statement, α is termed the antecedent
of the rule and β is called the consequent of the rule [11].
A fact is a proposition that is true unconditionally. Facts define static properties, whereas causal rules define dynamic properties.

Definition 4.1.1 (Rule-based language). A rule-based language is a language that consists of the concepts of facts and causal rules.

Definition 4.1.2 (Causal rule). A causal rule is a statement of the form
α ⇒ β expressing a causal relation between two states α and β. α is called
the antecedent of the rule and β is called the consequent of the rule.

Definition 4.1.3 (Fact). A fact is a proposition that is true unconditionally.

Informally, the semantics of a rule-based model is as follows:
• Facts are true.
• If the antecedent of a rule is true, then its consequent is also true.
An operational semantics1 for a rule-based model can be defined that uses the
following reasoning steps:
• First all facts are asserted2 .
• Then all rules for which the antecedent is true are activated.
• Of the set of activated rules, a subset is executed. Which subset is executed
is dependent on the specific language that is used. Execution of a rule
means that its consequent is asserted.
• Again, all rules for which the antecedent is true are activated.
• Etc.
1 An operational semantics specifies the procedure that can be followed (for example by
a simulation tool) to obtain a certain answer, as opposed to denotational semantics, which
specifies only the answer. The provision of an exact definition of operational and denotational
semantics is postponed until Section 5.2.2.
2 In rule-based languages, making propositions true is called asserting them.
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Such an operational semantics provides rule-based languages with the ability to
show a trace of reasoning steps taken in obtaining a certain conclusion. This
is why rule-based languages are often used for the modelling of reasoning processes: they have the ability to explain their answers [11].
So rule-based languages provide a convenient and standard way of expressing
the set of rules of a cognitive agent model, using causal rules and they provide
a convenient way to represent the dynamics of a model using the trace of reasoning steps. Therefore, they may be better fit for cognitive agent modelling than
the categories of languages evaluated in Chapter 3.

4.2

Evaluation of definition induced requirements

As mentioned in the previous section, rule-based models consist of a set of
facts and causal rules. Causal rules are a good candidate for modelling rules.
However, they have one important limitation: causal rules do not provide a
means to express the exact timing relations between their antecedent and their
consequent. For languages that execute all activated rules at once, the timing
relations are always such that truth of the antecedent of a rule is followed by
truth of the consequent of the rule one time step later. For languages that only
execute a subset of the activated rules the situation is even worse: for these
languages, truth of the antecedent of a rule may be followed by truth of the
consequent of the rule n time steps later, where n ≥ 0. So it is even possible
that the rule is never executed and the consequent never becomes true. Therefore, Requirement D 5 is not satisfied.
The operational semantics of rule-based languages and its ability to explain
conclusions does provide a way of expressing a state description per time unit,
so there is support for Requirement D 6. Requirements D 3 and D 4 are satisfied because the agent’s internal mental state and the state of the environment
can be represented by propositions. Furthermore, causal rules provide a way of
expressing actions in their right hand side such that if the left hand side is true,
the action in the right hand side should be executed. So Requirement D 2 is
also satisfied.

4.3

Evaluation of goal induced requirements

Support for design methodologies and verification methods is less abundant in
the area of rule-based languages than in the area of generic languages. In [11],
it is stated that the area of rule-based languages misses a suitable verification
methodology. Currently, some work is being done on developing specification
languages and model checking algorithms (see e.g. [1]). Methods for theorem
proving and correct and valid design have not yet been developed. So there is

37

no real support for Requirements G 1 and G 2.3
Rule-based languages have a very restricted syntax: models consist only of
causal rules and facts. Therefore, there are not a lot of different ways in which
certain behaviour can be modelled. So there is more support for Requirement
G 3. However, it should be noted that there are many different rule-based languages. If a rule-based language is used for cognitive agent modelling, than one
such language should be chosen to be the standard language to be used in the
entire research community.
Provision of input to rule-based systems is usually taken care of in the form
of questions to the user. For the modelling of cognitive agents this is not a
desirable situation. Cognitive agents need to be able to react not only to user
input, but also to their environment. Modelling of input from the environment
in the form of questions to the user is a very unwieldy way of modelling the
environment. Therefore, there is no real support for Requirement G 4.
As mentioned before, an advantage of using rule-based languages is their ability
to explain conclusions. If this ability is taken advantage of, this provides support for Requirement G 5: the agent’s internal mental state and the state of its
environment can be presented per unit of time in a simulation. However, it is
still the responsibility of the modeler to create an interface that presents these
states per time unit in a clear manner.

4.4

Evaluation of user induced requirements

Another advantage of the use of rule-based languages in cognitive agent modelling over generic formal languages is the ease of use. The syntax and semantics
of rule-based languages are usually easy to understand, even for non-experts
in the area of systems design. The restricted syntax of rule-based languages
provides strong support for Requirement U 1.
However, since there are no design methodologies and verification methods,
there is no support for Requirements U 2 and U 3.

4.5

Conclusion

Compared to the six categories of generic languages discussed in the previous
chapter, rule-based languages provide better support for the modelling of the
dynamics of cognitive processes because they provide a trace of the reasoning
process applied. More specifically, they provide better support for Requirement
D 6 because they provide a mapping of the time point in the reasoning process
to the internal mental state and the environmental state of the agent at that
point in time. However, as is the case for each of the six categories of generic
3 Possibly, because rule-based languages are easier to understand, there is less need for
design methodologies and verification methods. Furthermore, correctness may be a less important issue, since rule-based languages are mostly used to design reasoning agents and
reasoning agents are currently still mostly used as an aid in a decision making process, they
do not take over the decision making process from humans.
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languages, rule-based languages do not provide support for the modelling of
specific temporal relations in rules, so there is no support for Requirement D 5.
Considering the definition induced requirements, it can be stated that:
Rule-based languages are not suitable, because
• Rule-based languages provide no support for the modelling of temporal
relations. (Requirement D 5)
However, reusable aspects are
• Rule-based languages provide better support for the modelling of the dynamics of cognitive processes, in particular of the modelling of a state at
a certain point in time. (Requirement D 6)
Rule-based languages also provide better support for Requirement G 3. Because
of the very restricted syntax consisting only of facts and causal rules, there is a
limited number of ways in which a process can be modelled. However, there is
no support for Requirements G1 and G2 because of a lack of methods for design
and verification.
Considering the goal induced requirements, it can be stated that:
Rule-based languages are not suitable, because
• There are no methods for design and verification available for rule-based
languages. (Requirements G1 and G2)
However, reusable aspects are
• The restricted syntax of rule-based languages limits the number of ways
in which a process can be modelled. (Requirement G 3)
The restricted syntax of rule-based languages also results in support for the
construction of easily readable models. Compared to the six categories of generic languages, there is better support for Requirement U 1. However, since
there are no methods for design and verification, there is also no support for
Requirements U 2 and U 3.
Considering the user induced requirements, it can be stated that:
Rule-based languages are not suitable, because
• There are no methods for design and verification available for rule-based
languages. (Requirements U 2 and U 3)
However, reusable aspects are
• The restricted syntax of rule-based languages provides good support for
the creation of easily readable models. (Requirement U 1)
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Table 4.1 provides an extension of Table 3.1 including an overview of support
for the requirements from rule-based languages.
imperative
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Table 4.1: Overview of support for requirements from generic and rule-based languages.
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Chapter 5

LEADSTO
Chapter abstract
In the previous chapter, it was shown that rule-based
languages are not suitable for cognitive agent modelling
because they do not provide a way of modelling exact
timing relations and because no methods for design and
verification are available. LEADSTO extends rule-based
languages in such a way that it is possible to model exact
timing relations. Furthermore, a method and tool for
verification on simulation traces is provided, using the
specification language TTL.
We provide a formal syntax and semantics for LEADSTO
models. LEADSTO models specify a time line, a so called
trace, along which variables obtain truth values. A tool
is available that automatically generates such a trace.
However, the semantics of the tool, termed the operational
semantics, is not equal to the so called denotational
semantics of LEADSTO. This obstructs the creation of
methods for verification. Furthermore, no explicit design
methodology is available and design of valid and correct
models is obstructed by the use of the closed world assumption, the absence of an intialisation method and the
use of a random delay. Other shortcomings of LEADSTO
include the absence of a representation for an ontology, the
inclusion of a start and end time in the model and the fact
that LEADSTO models can not be parameterised.
However, a great advantage of the use of LEADSTO
is its representation of time. Furthermore, LEADSTO
has a limited syntax. The simulation tool provided for
LEADSTO generates simulation results that are easy to
interpret. Finally, LEADSTO is accompanied by a specification language, TTL, which can be used for verification.
So LEADSTO provides better support for the requirements
than standard rule-based languages.
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5.1

Motivation for evaluating LEADSTO

In Chapter 3, it was shown that generic languages are not suitable for cognitive
agent modelling due to the fact that they do not provide an easy way of expressing the dynamics of such a model, they allow the modeler too much freedom,
thereby making it more difficult to discuss models among a group of researchers,
and though there is an abundance of methods for design and verification, these
methods are too difficult to apply for non-experts.
Chapter 4 showed that rule-based languages provide a better way of modelling dynamics: although they also do not provide a standard way of expressing
the temporal relations in rules, they have a more restricted syntax and therefore
allow the modeler less freedom and they are more easy to use. However, there
are no methods for design and verification for rule-based languages.
LEADSTO, introduced in [2], extends rule-based languages in such a way that it
is possible to explicitly represent time within a model, thereby providing a way
to express temporal relations in rules. Furthermore, they provide a method and
tool for verification of properties on simulation results using the specification
language TTL (see [18]).
The LEADSTO language allows two types of constructs, called facts and rules
as in rule-based languages. To distinguish between the use of the terms facts
and causal rules in rule-based languages, these will be termed LEADSTO facts
and LEADSTO rules. A LEADSTO fact is a statement expressing something
that is true during a certain time interval. A LEADSTO rule is a statement
expressing that if something - the antecedent of the rule - is true over a certain
interval of time, then another thing - the consequent of the rule - should be
true over a later interval of time. It is possible to specify separately the length
of the interval over which the antecedent should be true and the length of the
interval over which the consequent should be true. Furthermore, it is possible
to specify a delay between the antecedent and the consequent. A more detailed
description of the syntax of LEADSTO is provided in Section 5.2.1.
So LEADSTO models specify traces. A trace is a time line along which variables obtain truth values. These time lines are the semantics of the model.
For LEADSTO models, two types of semantics are described; denotational semantics and operational semantics. Exact definitions of these terms are given
in Section 5.2.2. Informally, the denotational semantics of a LEADSTO model
consists of all possible time lines that are allowed by the model. The operational semantics of a LEADSTO model specifies rules to obtain one such a time
line that is allowed by the model. This operational semantics describes the implementation of a tool that is created for LEADSTO. This tool automatically
generates a time line, called a simulation trace, for a LEADSTO model. The
denotational and operational semantics of LEADSTO are given in Section 5.2.2.
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5.2

Syntax and semantics of LEADSTO

This section provides the syntax and semantics of LEADSTO. The syntax and
an informal description of the semantics of LEADSTO is provided in [2]. This
semantics is formalised in Section 5.2.2. However, there appears to be a difference between the semantics described in [2] and the semantics of the LEADSTO
simulation tool. Therefore, two types of semantics are distinguished. The denotational semantics is a formalisation of the semantics described in [2], while
the operational semantics is a formalisation of the semantics of the tool. Since
it was not possible to investigate the source code of the tool, the operational
semantics was obtained through testing the simulation tool and interviewing
one of the developers. The operational semantics is provided in Section 5.2.2.

5.2.1

Syntax

A LEADSTO model consists of a set of LEADSTO facts and a set of LEADSTO
rules. LEADSTO facts and LEADSTO rules are formally defined in Definitions
5.2.2 and 5.2.3 respectively. The definitions of rules and facts make use of the
term ”restricted propositional formula”, which is defined in Definition 5.2.1. The
term atom is used here as it was defined in Definition 1.2.6. The formalisation
of the syntax of restricted propositional formulae is based on the syntax of
propositional formulae that are allowed by the LEADSTO simulation tool.

Definition 5.2.1 (Restricted propositional formula). A restricted propositional formula is a conjunction of atoms or negations of atoms. The
syntax for a restricted propositional formula α is as follows:
α ::= a|¬a|α ∧ α
where a denotes an atom.

Definition 5.2.2 (LEADSTO fact). A LEADSTO fact is a statement of
the form holds during interval(t1 , t2 , α) where t1 , t2 ∈ N and α is a
restricted propositional formula (see Definition 5.2.1) over the atoms that
can be built from the ontology.

Informally, the meaning of a statement of the form
holds during interval(t1 , t2 , α) is that restricted propositional formula α
holds during the interval of time in between t1 and t2 . The formal semantics of
a LEADSTO fact is provided in Section 5.2.2.
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Definition 5.2.3 (LEADSTO rule). A LEADSTO rule is a statement of
the form α →e,f,g,h β where α and β are restricted propositional formulae
(see Definition 5.2.1) over the atoms that can be built from the ontology,
e, f, g, h ∈ N and e ≥ f . α is called the antecedent of a rule and β is called
the consequent of a rule.

Informally, the meaning of a statement of the form α →e,f,g,h β is that if the
antecedent α is true for an interval of time of length g, then after a delay of in
between e and f time steps, the consequent β holds. Figure 5.1 shows a graphical
representation of the meaning of a LEADSTO rule. The formal semantics of a
LEADSTO rule is provided in Section 5.2.2.

Figure 5.1: A graphical depiction of the meaning of parameters e, f, g and h in the
syntax of a LEADSTO rule.

Besides a set of LEADSTO facts and a set of LEADSTO rules, a start time
and an end time for simulation of the model need to be specified. Furthermore,
LEADSTO allows the application of the closed world assumption, which states
that if the value of an atom is not specified within the model, then it is assumed
to be false. So a model in LEADSTO is specified by a start time start, an end
time end, a set of atoms cwa to which the closed world assumption should be
applied, a set of LEADSTO facts facts and a set of LEADSTO rules rules.
Definition 5.2.5 provides the syntax of a LEADSTO model.

Definition 5.2.4 (Closed world assumption). The closed world assumption
states that if for a certain atom the model does not specify a single truth
value, then its value is assumed to be false.
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Definition 5.2.5 (Syntax of a LEADSTO model). The syntax of a model
M in LEADSTO is defined as follows:
M =(start, end, cwa, facts, rules)
where
start,end∈ N,
end≥start,
cwa a subset of atoms from the ontology,
facts a set of LEADSTO facts and
rules a set of LEADSTO rules.

The example simulation model described in Figure 1.6 can be formalised as a
LEADSTO model as follows:
M = (0,10,∅, facts, rules)
where
facts = {holds during interval(world state(cup),2, 3)}
rules =
{world state(k:kitchen supplies) →0,0,1,1
sensor state(k:kitchen supplies),
sensor state(k:kitchen supplies) →0,0,1,1
srs(k:kitchen supplies)}

However, the modeler also has a choice to apply the closed world assumption
to certain atoms. Adding the atom sensor state(cup) to the set cwa results
in the following LEADSTO model:
M = (0,10, cwa, facts, rules)
where
cwa = {sensor state(cup)}
facts = {holds during interval(world state(cup),2, 3)}
rules =
{world state(k:kitchen supplies) →0,0,1,1
sensor state(k:kitchen supplies),
sensor state(k:kitchen supplies) →0,0,1,1
srs(k:kitchen supplies)}

5.2.2

Semantics

The semantics of a LEADSTO model provides a valuation of atoms at time
points in between start and end. The LEADSTO simulation tool visualises
this semantics as follows: on the horizontal axis, a time line consisting of the
natural numbers in the interval [start,end> is presented, on the vertical axis,
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all atoms that can be built from the ontology are shown and values true, false
and undefined are indicated using a dark blue bar, a light blue bar or no bar
respectively. Thus a mapping can be obtained of tuples of the natural numbers
in the interval [start,end> and the atoms that can be built from the ontology
to an element of the set {true, false, undefined}. We have chosen to use
this mapping to denote the semantics of a LEADSTO model. This mapping is
called a trace. The exact definition of a trace is provided by Definition 5.2.6.

Definition 5.2.6 (Trace). A trace, σ is a mapping of all time points in
the interval between start and end and all atoms that can be built from
the ontology to a valuation of those atoms at those time points:
σ :[start,end>×atom→ {true, false, undefined}

Because there appears to be a difference between the semantics described informally in [2] and the semantics of the simulation tool, this section introduces
two types of semantics1 of a LEADSTO model; the denotational semantics and
the operational semantics. Definitions for the terms ’denotational semantics’
and ’operational semantics’ as they will be used here are provided by Definitions 5.2.8 and 5.2.7. The denotational semantics, which is a formalisation of
the semantics provided in [2], describes the set of traces that are allowed by a
model. According to the denotational semantics, a LEADSTO model does not
specify an exact trace, but it specifies the restrictions that a trace should satisfy. The denotational semantics therefore provides a set of traces that satisfy
these restrictions. The operational semantics specifies the specific trace that
the LEADSTO tool will generate from a LEADSTO model. Experiments with
the tool indicated that the semantics of the tool specifies a unique trace. So
the operational semantics provides exactly one trace. Interviews with one of the
developers of the tool indicated that the tool employs rules to obtain this unique
trace. So the operational semantics specifies a set of derivation steps that need
to be taken to obtain a trace. Section 5.2.2 provides the denotational semantics
of LEADSTO, Section 5.2.2 provides the operational semantics of LEADSTO.

Definition 5.2.7 (Denotational semantics). A denotational semantics of
a language specifies the set of traces that is allowed by the specification of
a model. A denotational semantics thus specifies the meaning of a model
from the perspective of the modeler: it specifies the set of traces that the
modeler intends to model.

1 For

an introduction to semantics of formal languages, see [20].
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Definition 5.2.8 (Operational semantics). An operational semantics of a
language specifies the traces that can be generated through the application of
a set of rules. An operational semantics thus specifies the implementation
of a tool for the application of the language.

In formalising the semantics of LEADSTO, a choice was made to ignore the
possibility of specifying a random delay. The lower and upper bounds of the
delay in a rule introduce probability into the semantics of rules. This makes
definition and analysis of the semantics unnecessarily complicated. Therefore,
in defining the semantics of a LEADSTO rule, the restriction e = f is made.
This restriction does not prevent any of the requirements stated in Chapter 2
from being met. Figure 5.2 graphically depicts the new relation of parameters
e, f, g and h.

Figure 5.2: A graphical depiction of the meaning of parameters e, f, g and h in the
syntax of a LEADSTO rule with a deterministic delay.

Denotational semantics
The denotational semantics of a LEADSTO model M specifies the set of traces
that satisfy LEADSTO model M . The denotational semantics of LEADSTO
is described informally in [2]. This section formalises the denotational semantics of LEADSTO. The denotational semantics needs to provide meaning to the
syntactical constructs of a model. A LEADSTO model consists of a start time,
an end time, a set of LEADSTO facts, a set of LEADSTO rules and a set of
atoms to which the closed world assumption should be applied.
In [2], the period of time between start and end time is termed the simulation range. The simulation range is defined as the time range over which the
simulation must be run. Therefore, the semantics of a LEADSTO model must
be quantified over all time points t such that start ≤ t < end.
The following is stated about LEADSTO facts:
”During simulation, some atom values will be derived from LEADSTO
rules. Others are not defined by rules but represent constant values
of atoms over a certain time range.”
The semantics of a LEADSTO fact holds during interval(t1 , t2 , α) is therefore defined as:
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For all t such that start ≤ t < end: if t1 ≤ t < t2 , then α holds.
Since α is a restricted propositional formulae, its semantics can simply be defined as:
If α is an atom, then this atom is true at time t.
If α is the negation of an atom, then this atom is false at time t.
If α is a conjunction of restricted propositional formulae β and γ, then β and
γ hold at time t.
The following is stated about LEADSTO rules:
”If state property α holds for a certain time interval with duration
g, then after some delay (between e and f) state property β will hold
for a certain time interval of length h.”
We have chosen to restrict the values of e and f to e = f , so the semantics of a
LEADSTO rule α →e,f,g,h β is defined as:
For all t1 , t2 such that start ≤ t1 , t2 < end: if t2 − t1 = g and for all t such
that t1 ≤ t < t2 , α holds,
then for all t0 such that t2 + e ≤ t0 < t2 + e + h, β holds.
The following is stated about the closed world assumption:
”An (optional) Closed World Assumption is performed for all selected atoms in the range (HandledTime, NextTime), i.e., all unknown
atoms in this range are made false.”
In order to define the semantics of the closed world assumption, we therefore
have to investigate which atoms are unknown over certain time ranges. For each
time point t and atom a, a is undefined at time t if there does not exist a fact
that defines the value of a at time t, and there does not exist a rule that defines
the value of a at time t. A fact holds during interval(t1 , t2 , α) defines the
value of atom a at time t if t lies in the interval between t1 and t2 and either
α ⇒ a or α ⇒ ¬a. A rule α →e,f,g,h β can define the value of atom a at time
t in two ways. A rule α →e,f,g,h β defines the value of atom a at time t if α is
true for a period of g time steps, there is a delay of e time steps and t lies in
the interval of h time steps after that and either β ⇒ a or β ⇒ ¬a. However, a
rule α →e,f,g,h β can also define the value of atom a at time t if at some time
t0 , ¬β holds. As in the modus tollens of an implication, if ¬β holds, then ¬α
should hold earlier. However, because the semantics of a rule specifies that
If for all time points in a certain range α holds, then β holds,
we have that if ¬β holds, then there exists an earlier time point where ¬α holds.
The exact timing relations of this modus tollens application of a LEADSTO rule
are depicted in Figure 5.3. In this figure, it can be seen that if ¬β holds at a
certain time t0 , we can postulate that t0 lies at the beginning of the interval
of h time steps, or at the end of this interval, or at any time in between. If
we postulate that t0 lies at the beginning of the interval of h time steps, then
α can not hold at all time steps in the interval in between g + e time steps
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earlier and e time steps earlier. If we postulate that t0 lies at the end of the
interval of h time steps, then α can not hold at all time steps in the interval
in between g + e + h time steps earlier an e + h time steps earlier. So for all
intervals of length g in between g + e + h time steps earlier and e time steps
earlier, we have that α can not hold over the entire interval. This means that
if for any such interval, we have that if at all time points except for one time
point t, α holds, then we know that at time t, ¬α should hold. Now if either
¬α ⇒ a or ¬α ⇒ ¬a, then rule α →e,f,g,h β defines the value of atom a at time t.

Figure 5.3: The timing relations between time points t and t0 such that if at some
time t0 , ¬β holds, then at some earlier time point t, ¬α should hold.

Because the closed world assumption states that undefined atoms obtain the
value false, the semantics of the closed world assumption can be defined as:
for any atom a ∈ cwa, and any time point t such that start ≤ t < end:
either ¬a holds, or
there exists a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2
and α ⇒ a, or
there exists a rule α →e,f,g,h β such that t2 + e ≤ t < t2 + e + h and
(∀t2 −g≤t0 <t2 at t’ α holds) and β ⇒ a, or
there exists a rule α →e,f,g,h β such that t2 −t1 = g and t2 +e ≤ t0 < t2 +e+h
and t0 < end and at time t0 ¬β holds and (∀t1 ≤t00 <t at t’’ α holds) and
(∀t<t00 <t2 at t’’ α holds) and ¬α ⇒ a
This semantics is formalised in Definition 5.2.9.
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Definition 5.2.9 (Denotational semantics of LEADSTO). The denotational semantics of a LEADSTO model M is defined as follows:
Let σ |=d M denote ”trace σ satisfies model M .
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→e,f,g,h β∈rules σ |=d α →e,f,g,h β∧
∀a∈cwa σ |=d closed(a)

where
σ |=d holds during interval(t1 , t2 , α) ⇔
∀start≤t<end t1 ≤ t < t2 ⇒ σ(t) |=d α
and
σ |=d α →e,f,g,h β ⇔
∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t
 2 σ(t) |=d α)) ⇒
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)
and
σ |=d closed(a) ⇔
∀start≤t<end σ(t) |=d ¬a∨

holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d
α ∧ (β ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end ∧ 
σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a)

The semantics of restricted propositional formulae is defined as follows:
σ(t) |=d a holds iff atom a is true at time t
σ(t) |=d ¬a holds iff atom a is false at time t
σ(t) |=d α ∧ β holds iff σ(t) |=d α and σ(t) |=d β

Operational semantics
The operational semantics specifies the rules that generate a specific trace that
satisfies the model. The operational semantics, provided by Definition 5.2.10,
is assumed to fit the semantics of the LEADSTO simulation tool. A rule-based
operational semantics is chosen because it resembles the way in which the tool
constructs traces. The use of rules also provides a way to let the operational
semantics closely match the denotational semantics, because the denotational
semantics of LEADSTO facts and LEADSTO rules consist of implications.
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Definition 5.2.10 (Operational semantics of LEADSTO). The operational semantics of LEADSTO is defined by the following rules:
holds during interval(t1 , t2 , α) ∈ M
start ≤ t < end
σ(t) |=o α

t1 ≤ t < t2
fact

α →e,f,g,h β ∈ M
σ(t) |=o α
...
σ(t + g − 1) |=o α
t + g + e ≤ t0 < t + g + e + h
t ≥ start
t0 < end
rule
σ(t0 ) |=o β
cwa ∈ M

a ∈ cwa

¬(σ(t) |=o a)
σ(t) |=o ¬a

start ≤ t < end

CWA

The order in which the LEADSTO simulation tool applies these rules
is unknown. However, it is stated in Theorem 5.4.4 that the order of
application is irrelevant as long as contradictions are avoided. Application
of the rules in any possible order either results in a contradiction or in a
unique trace.
Restricted propositional formulae are evaluated as follows:
if σ(t) |=o a, then a is true at time t
if σ(t) |=o ¬a then a is false at time t
if σ(t) |=o α ∧ β then σ(t) |=o α and σ(t)o |= β

The LEADSTO tool constructs a trace, using the operational semantics, as
follows: initially for all time points t, start≤ t <end, and for all atoms a that
can be built from the ontology, at σ(t), a is undefined. This initial partial trace
is denoted by σ0 . Then, applying a rule may result in some of the atoms being
set to true or false at certain time points in the trace. For example, at t0 , a0
may be set to true due to the application of a fact. In this manner, partial trace
σ1 is obtained. So for the example of t0 and a0 , σ1 is equal to σ0 except for
σ1‘ (t0 ) |=o a0 . Applying yet another rule results in partial trace σ2 and so on,
until no more rules can be applied. When no more rules can be applied to a
trace σn , then this complete trace is denoted by σ.

Definition 5.2.11 (Partial trace). A partial trace σx of model M is a
trace to which application of one of the rules of the operational semantics
is possible, such that a trace σx+1 is obtained for which σx 6= σx+1 .
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Definition 5.2.12 (Complete trace). A complete trace σ of model M is a
trace to which application of the rules of the operational semantics can no
longer result in a trace σ 0 such that σ 6= σ 0 .

Figure 5.4 depicts the derivation process for the example model described in Section 5.2.1 where cwa consists of the atom sensor state(cup). To obtain trace
σ1 , rule fact was applied on holds during interval(2,3,world state(cup)).
To obtain trace σ2 and σ3 , rule rule was applied on world state(cup)→0,0,1,1
sensor state(cup) and sensor state(cup)→0,0,1,1 srs(cup) respectively.
Traces σ4 , . . . σ8 were obtained by applying the rule CWA to the atom
sensor state(cup) at different time points. On trace σ8 , no more rules can be
applied, so σ8 = σ.

Figure 5.4: The construction of a trace for the example model described in Section
5.2.1 where cwa consists of the atom sensor state(cup).

The example models described in Section 5.2.1 result in the traces provided
in Figures 5.5 and 5.6. Figure 5.5 depicts the simulation trace for the model
where cwa is the empty set. The blue bars indicate that an atom is true during
the time interval covered by the bar. So during time interval (2,3), environmental state world state(cup) occurs, then during time interval (3,4), mental
state sensor state(cup) occurs, followed by the occurrence of mental state
srs(cup) during time interval (4,5). Figure 5.6 depicts the simulation trace for
the model where cwa consisted of the atom sensor state(cup). The application of the closed world assumption results in a trace where at all time points
where this atom’s value was left unspecified (indicated by the absence of a blue
bar in Figure 5.5), the atom’s value becomes false. This is indicated by a light
blue bar in Figure 5.6.

Figure 5.5: A simulation trace for the example model presented in Section 5.2.1, where
cwa is the empty set.
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Figure 5.6: A simulation trace for the example model presented in Section 5.2.1, where
the closed world assumption is applied to atom sensor state(cup).

5.3

Evaluation of definition induced requirements

LEADSTO provides good support for modelling the dynamics of a cognitive
process. The syntax and semantics of a LEADSTO rule provide a way to model
rules as defined in Definition 1.2.7, including the temporal relations between antecedent and consequent. Requirement D 5 is therefore satisfied. Furthermore,
the notion of a trace, defined in Definition 5.2.6, provides a means of expressing
the time of occurrence of mental and environmental states. Requirement D 6
is therefore also satisfied. It should be noted though that this representation of
the time course of events is restricted to an interval between the specified start
time and end time of the model.
LEADSTO extends rule-based languages. So as do rule-based languages,
LEADSTO also satisfies Requirements D 3, D 4 and D 2.
However, LEADSTO does not provide a means of explicitly representing the
ontology of a model. The definition of a LEADSTO model (see Definition 5.2.5)
does not include an ontology. Therefore, Requirement D 1 is not satisfied. It
should also be noted that due to the lack of support for modelling ontologies,
the agent’s internal mental state and the state of its environment need to be
represented in the same way, they can not be separated on a syntactical level.
This diminishes the support for Requirements D 3 and D 4 somewhat.

5.4

Evaluation of goal induced requirements

For LEADSTO, a design methodology is not available. Support for valid and
correct design in general is poor. The implicitness of the closed world assumption poses a problem for valid and correct design. It takes away the responsibility
to explicitly specify the complete behaviour of the agent from the modeler by
filling in values that are left unspecified by the modeler. While this may make
life easier for the modeler, it can cause problems. Due to its implicitness, the
closed world assumption makes models less insightful. Consider for example a
modeler who wants to model the behaviour of a simple animal. This animal
either seeks food or rests. Whether it seeks food or rests depends on its belief
whether there is food present in its immediate environment. When it believes
that food is present, it seeks food, otherwise it rests. If in this model, the closed
world assumption is applied to the belief that there is food present, then this
belief immediately receives the value false. The animal determines its belief
of whether there is food in the environment on its perception of the environment. However, because the animal starts resting immediately, because the
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belief that food is present initially became false, it will never start perceiving its
environment. The value of the belief that food is present is left unspecified by
the model throughout the entire time course of a simulation. Due to the closed
world assumption, this belief therefore becomes false throughout the entire time
course of a simulation. The animal therefore always rests, it never starts looking
for food. This is probably not the behaviour that the modeler intended to model.
So use of the closed world assumption diminishes insight into the behaviour
of the model, but if the closed world assumption is disregarded, then there is
a danger of underspecification. Therefore, Requirement G 1 is not satisfied. It
should also be noted that the use of a random delay makes the behaviour of a
model less insightful and therefore obstructs valid and correct design.
For verification, besides a modelling language, a specification language is needed. A specification language allows properties that need to be verified to be
formalised (see Definition 2.2.3). For a LEADSTO simulation trace, such a
specification language is available. This language is called the Temporal Trace
Language, or TTL. In [18] an exact specification of TTL is given. A tool is
also available for automatically verifying TTL formulae over simulation traces
provided by the LEADSTO tool; the TTL tool. This form of automatic verification is possible because a trace is mapping of a finite number of time steps,
represented by the natural numbers in the interval [start,end>, and a finite
number of atoms to values {true, false, undefined}. So a LEADSTO trace
has a finite state space and therefore allows this form of automatic verification.
In order to enable model checking on a model as opposed to a set of simulation traces, it must be possible to construct a finite state space for the model.
For a LEADSTO model this is not necessarily the case. The ontology of a model may include a quantitative sort, such as the natural numbers or the real
numbers. Therefore, ontologies can be infinitely large.2
Abstractions can be used to reduce an infinite state space, due to an infinitely large ontology, to a finite state space. This is actually what happens
when an agent is being modelled: the relation between a quantitative state
predicate such as response(S : real) and other state predicates is described through rules. So for example if there are two quantitative state predicates stimulus(S : real) and response(S : real) that are related as
follows: stimulus(S : real) →0,0,1,1 response(S : real), then the state
space of the model becomes infinitely large, but it can be reduced through
the observation that instantiated relations stimulus(1) →0,0,1,1 response(1),
stimulus(2) →0,0,1,1 response(2), stimulus(3) →0,0,1,1 response(3), etc.
are symmetrical and that they can be mapped to one abstract relation of the
form stimulus(S) →0,0,1,1 response(S). So symbolic model checking on a
LEADSTO model is possible.
Verification can also be done through theorem proving. For theorem proving,
2 The mapping [start,end>×atom → {true, false, undefined} provided by a simulation
of a model including a state predicate of the form response(S : real) becomes finite only
because the LEADSTO simulation tool ignores all atoms of the form response(S) for which
S is instantiated to a value for which response(S) never becomes true during the simulation.
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besides a specification language, a so called proof system is necessary. A proof
system consists of a set of proof rules and a structure in the model that allows
these proof rules to be applied. The rules provided in Section 5.2.2 can for
example be used as proof rules. Since these rules are applied to a LEADSTO
model in order to obtain the operational semantics of LEADSTO, the structure
of a LEADSTO model is fit for applying the rules as proof rules. However, there
is a problem with applying the rules of the operational semantics as proof rules
for verification. The operational semantics of LEADSTO is not equal to its denotational semantics, as is proven in Theorem 5.4.1. In order to obtain a proof
system, an operational semantics is needed that is equal to the denotational
semantics of LEADSTO.
So Requirement G 2 is not satisfied: there is no proof system available that
is fit for applying theorem proving and there is no model checking tool. However, a specification language is available, it was shown that symbolic model
checking is possible and adaptation of the operational semantics such that it is
equal to the denotational semantics will result in a set of proof rules that can
be applied to a LEADSTO model for theorem proving.

Theorem 5.4.1 (Inequality of denotational and operational semantics of
LEADSTO). The denotational semantics of LEADSTO is not equivalent to the
operational semantics.
Proof. Counterexample: M = (0, 1, ∅, ∅, ∅). Suppose that the ontology is
intended to consist of one atom a. For this model, the operational semantics
specifies a trace in which a is undefined at σ(0), while the denotational semantics specifies a set of traces {σ, σ 0 , σ 00 } for which σ(0) |=d (a = undefined),
σ 0 (0) |=d a and σ 00 (0) |=d ¬a.
Another counterexample more clearly indicates the problems that can
arise from the inequality of the denotational and the operational semantics:
consider the model M = (0, 2, {a, b}, ∅, {a →0,0,1,1 b}). The operational
semantics specifies a trace in which both a and b are false at time points 0, 1,
and 2, because a is never explicitly stated to become true through the use of
a fact, and therefore the rule is never executed. The CWA rule then states that
a and b should become false. However, the denotational semantics also allows
a trace where from time 0 to time 1, a is true (and b is false) and from time 1
to time 2 b is true (and a is false). Furthermore, a trace in which b is true at
some time point, but a is false during the whole time course of the trace is also
allowed by the denotational semantics.

The fact that the denotational semantics of LEADSTO is not equal to its operational semantics diminishes support for Requirement G 5: the simulation traces
provided by the tool, modelled by the operational semantics, do not necessarily
coincide with the traces that are allowed by the denotational semantics. However, the simulation traces provided by the LEADSTO simulation tool are not
useless. The tool always provides a unique and valid trace: the tool constructs a
trace in a deterministic manner and the trace constructed by the tool is always
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a trace that is also allowed by the denotational semantics.
Theorem 5.4.4 states that the operational semantics either provides a unique
trace or results in a contradiction. Order of application of the rules is therefore not irrelevant, but when the rules are applied in an order such that the
resulting trace does not contain a contradiction, this trace is unique. The proof
of Theorem 5.4.4 is discussed in more detail in Section 5.4.1. Theorem 5.4.5
states that the operational semantics provides a valid trace. The proof of this
theorem is discussed in more detail in Section 5.4.2. Because the operational
semantics provides either a unique and valid trace or results in a contradiction,
the operational semantics provides a sufficient model for the semantics of the
tool.
So the LEADSTO simulation tool does provide useful results that are easily
interpretable (see for example Figures 5.5 and 5.6). Therefore, there is some
support for Requirement G 5.
LEADSTO provides similar support for Requirement G 3 as rule-based languages: due to its restricted syntax, there are not many ways in which certain
behaviour can be modelled.
In LEADSTO, input from the environment can be expressed in the form of
LEADSTO facts. However, it seems a bit strange to specify the exact timing
of the presentation of stimuli within the model. Requirement G 4 therefore
states that input-parameters are required. Since a LEADSTO model can not
be parameterised, this requirement is not met.

5.4.1

Operational semantics provides a unique trace

The LEADSTO tool is deterministic, so the rules provided in Section 5.2.2 are
always applied in the same order. But since it is not clear in which order the
rules are applied by the tool, evidence that the operational semantics does fit
the semantics of the tool is provided by a proof that the operational semantics
provides exactly one, unique trace irrespective of the order of application of the
rules, as long as contradictions are avoided.
Theorem 5.4.2 states that when the rule CWA is disregarded, the rules of the
operational semantics (consisting of fact and rule) provide a unique trace irrespective of the order of application of these rules. However, Theorem 5.4.3
states that the rules of the operational semantics including CWA do not necessarily provide a unique trace. Application of CWA on an atom a at time t in partial
trace σx , resulting in σx+1 (t) |=o ¬a, where application of fact or rule would
have resulted in σx+1 (t) |=o a results in a contradiction. However, Theorem
5.4.4 states that it is not possible to construct two complete traces σ and σ 0
from a model M such that both σ and σ 0 do not contain any contradictions and
σ 6= σ 0 using the rules of the operational semantics. Therefore, the operational
semantics provides a sufficient model of the semantics of the simulation tool.
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Figure 5.7: If during the derivation process, a different order of application of the rules
fact and rule leads to two partial traces that have a different valuation of certain
atoms at certain time points, then eventually these valuations will become equal.
Therefore, a unique trace is constructed by the rules fact and rule irrespective of the
order of application.

Theorem 5.4.2 (Rules fact and rule provide a unique trace). When the rule
CWA is disregarded, the rules of the operational semantics (consisting of fact
and rule) of LEADSTO provide a unique trace irrespective of the order of
application.
Proof. Assume that σ 0 and σ 00 are both derived from model M , then it can be
proven that σ 0 = σ 00 .
Section 5.2.2 provides a description of the derivation process applied by
the LEADSTO tool. Because the derivation process always starts with all
atoms at all time points undefined, σ00 = σ000 .
Let σx → σx+1 mean that from σx , σx+1 can be obtained by applying
one rule.
Let σx →∗ σx0 mean that from σx , σx0 can be obtained by applying a chain of
zero or more rules.
Let σx →1∗ σx0 mean that from σx , σx0 can be obtained by applying a chain of
one or more rules.
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Suppose that for some x, y: σ00 →∗ σx0 and σ000 →∗ σy00 such that σx0 6= σy00 . Figure
5.7 graphically depicts this situation. σx0 6= σy00 implies that there exist time
points t and atoms a such that
1 σx0 (t) |=o a and ¬(σy00 (t) |=o a) or
2 σx0 (t) |=o ¬a and ¬(σy00 (t) |=o ¬a)
For all time points t and all atoms a for which 1 holds, it can be proven that
there is a z such that σy00 →1∗ σz00 and σz00 (t) |=o a and for all time points t
and all atoms a for which 2 holds, it can be proven that there is a z such that
σy00 →1∗ σz00 and σz00 (t) |=o ¬a.
1 ¬(σy00 (t) |=o a) implies that σy00 (t) |=o ¬a or σy00 (t) |=o (a = undefined).
If σx0 (t) |=o a and σy00 (t) |=o ¬a, then there is a contradiction
in the model, so there is no valid trace that can be constructed.
(proof 0)
If σx0 (t) |=o a and σy00 (t) |=o (a = undefined), then there exists a z > y
such that σy00 →1∗ σz00 and σz00 (t) |=o a.
(proof 1)
2 ¬(σy00 (t) |=o ¬a) implies that σy00 (t) |=o a or σy00 (t) |=o (a = undefined).
If σx0 (t) |=o ¬a and σy00 (t) |=o a, then there is a contradiction
in the model, so there is no valid trace that can be constructed.
(proof 0)
If σx0 (t) |=o ¬a and σy00 (t) |=o (a = undefined), then there exists a z > y
(proof 2)
such that σy00 →1∗ σz00 and σz00 (t) |=o ¬a.
proof 0:
Because σx0 is derived from M , there is either
• a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2 and α ⇒ a,
or
0
0
• a rule α →e0 ,f 0 ,g0 ,h0 β such that σx−1
(t0 ) |=o α . . . σx−1
(t0 + g 0 − 1) |=o α
0
0
0
0
0
0
0
and t + g + e ≤ t < t + g + e + h and β ⇒ a
Because σy00 is derived from M , there is either
• a fact holds during interval(t3 , t4 , γ) such that t3 ≤ t < t4 and γ ⇒ ¬a,
or
00
00
• a rule γ →e00 ,f 00 ,g00 ,h00 δ such that σy−1
(t00 ) |=o γ . . . σy−1
(t00 + g 00 − 1) |=o γ
00
00
00
00
00
00
00
and t + g + e ≤ t < t + g + e + h and δ ⇒ ¬a
So one of the four cases below holds. All of these indicate a contradiction in the
model.
• The model contains two facts holds during interval(t1 , t2 , α) and
holds during interval(t3 , t4 , γ) such that t3 ≤ t < t4 such that α ⇒ a
and γ ⇒ ¬a and the intervals over which these facts hold overlap, which
is a contradiction.
• The model contains a fact holds during interval(t1 , t2 , α) and a rule
00
00
(t00 ) |=o γ . . . σy−1
(t00 + g 00 − 1) |=o γ,
γ →e00 ,f 00 ,g00 ,h00 δ such that σy−1
α ⇒ a and δ ⇒ ¬a and the interval between t1 and t2 and the interval
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between t00 + g 00 + e00 and t00 + g 00 + e00 + h00 overlap. If we assume that
00
00
σy−1
(t00 ) |=o γ . . . σy−1
(t00 + g 00 − 1) |=o γ implies that there exists a z > x
0
∗ 0
such that σx → σz and σz0 (t00 ) |=o γ . . . σz0 (t00 + g 00 − 1) |=o γ, then this is
also a contradiction. It is proven below that this assumption is valid.
• The model contains a fact holds during interval(t3 , t4 , γ) and a rule
0
0
α →e0 ,f 0 ,g0 ,h0 β such that σx−1
(t0 ) |=o α . . . σx−1
(t0 + g 0 − 1) |=o α, γ ⇒ ¬a
and β ⇒ a and the interval between t3 and t4 and the interval between
0
t0 + g 0 + e0 and t0 + g 0 + e0 + h0 overlap. If we assume that σx−1
(t0 ) |=o
0
0
0
α . . . σx−1 (t + g − 1) |=o α implies that there exists a z > y such that
σy00 →∗ σz00 and σz00 (t0 ) |=o α . . . σz00 (t0 + g 0 − 1) |=o α, then this is also a
contradiction. It is proven below that this assumption is valid.
• The model two rules α →e0 ,f 0 ,g0 ,h0 β and γ →e00 ,f 00 ,g00 ,h00 δ such that
0
0
00
00
σx−1
(t0 ) |=o α . . . σx−1
(t0 + g 0 − 1) |=o α and σy−1
(t00 ) |=o γ . . . σy−1
(t00 +
00
0
g − 1) |=o γ and β ⇒ a and δ ⇒ ¬a and the interval between t + g 0 + e0
and t0 +g 0 +e0 +h0 and the interval between t00 +g 00 +e00 and t00 +g 00 +e00 +h00
0
0
overlap. If we assume that σx−1
(t0 ) |=o α . . . σx−1
(t0 + g 0 − 1) |=o α implies
∗ 00
00
that there exists a z > y such that σy → σz and σz00 (t0 ) |=o α . . . σz00 (t0 +
00
00
g 0 − 1) |=o α and we assume that σy−1
(t00 ) |=o γ . . . σy−1
(t00 + g 00 − 1) |=o γ
∗
0
implies that there exists a z > x such that σx → σz0 and σz0 (t00 ) |=o
γ . . . σz0 (t00 + g 00 − 1) |=o γ, then this is also a contradiction. It is proven
below that these assumptions are valid.
proof 1:
Assume σx0 (t) |=o a and σy00 (t) |=o (a = undefined).
σx0 (t) |=o a implies that either
1a there is a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2 and
α ⇒ a, or
(case 1a)
1b there is a rule α →e,f,g,h β such that σv0 (t0 ) |=o α . . . σv0 (t0 + g − 1) |=o
α, σv0 →1∗ σx0 , t0 + g + e ≤ t < t0 + g + e + h and β ⇒ a.
(case 1b)
proof 2:
Similar to proof 1.
case 1a:
σ 00 is a complete trace. According to the definition of a complete trace
(Definition 5.2.12 there is no rule that can be applied to σ 00 such that σ 000 is
obtained and σ 00 6= σ 000 . Therefore, in the construction of σ 00 , eventually, rule
fact will be executed on holds during interval(t1 , t2 , α),
so there is a z > y such that σy00 →1∗ σz00 and σz00 (t) |=o α.
Since α ⇒ a, σz00 (t) |= (t) |=o a.
case 1b:
00 0
Assume σv0 (t0 ) |=o α . . . σv0 (t0 + g − 1) |=o α ⇒ ∃w σy00 →∗ σv00 ∧ σw
(t ) |=o
00 0
α . . . σw (t + g − 1) |=o α.
σ 00 is a complete trace. According to the definition of a complete trace
(Definition 5.2.12 there is no rule that can be applied to σ 00 such that σ 000 is
obtained and σ 00 6= σ 000 . Therefore, in the construction of σ 00 , eventually, rule
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rule will be executed on α →e,f,g,h β in the creation of σ 00 ,
so there is a z > y such that σy00 →1∗ σz00 , σz00 (t) |=o β.
Since β ⇒ a, σz00 (t) |=o a.
σv0 (t0 ) |=o α . . . σv0 (t0 + g − 1) |=o α could only have become true through
execution of facts and rules in the creation of σ 0 . Case 1a and 1b therefore
prove that assumption σv0 (t0 ) |=o α . . . σv0 (t0 + g − 1) |=o α ⇒ ∃w σy00 →∗
00 0
00 0
σv00 ∧ σw
(t ) |=o α . . . σw
(t + g − 1) |=o α is valid.

Application of the rules including the closed world assumption does not necessarily result in a unique trace. A counterexample is given in the proof of Theorem
5.4.3.

Theorem 5.4.3 (Order of application of the rules of LEADSTO is not irrelevant). The rules of the operational semantics LEADSTO, including the rule
CWA, do not provide a unique trace irrespective of the order of application.
Proof. Counterexample:
Consider
the
model
M
=
(0, 1, {a}, {holds during interval(0, 1, a)}, ∅).
When the rule fact is
applied first, the resulting trace consists of atom a true in the interval [0,1>.
However, when the rule CWA is applied first, the resulting trace consists of atom
a false in the interval [0,1>. Application of the rule fact then results in a
contradiction. The order of application of the three rules of the operational
semantics is therefore not irrelevant.
However, it can be proven that whenever the rules are applied in such a manner
that the resulting trace contains no contradictions, then this trace is unique.
This is proven in Theorem 5.4.4.
Theorem 5.4.4 (Unique simulation results). Application of the rules of the
operational semantics of LEADSTO, including the rule CWA, in such a manner
that the resulting trace contains no contradictions always results in a unique
trace. In other words, if σ and σ 0 are two complete traces derived from model
M and both σ and σ 0 do not contain any contradictions, then σ = σ 0 .
Proof. Assume that σ 0 and σ 00 are both derived from model M .
Suppose that for some x, y: σ00 →∗ σx0 and σ000 →∗ σy00 such that σx0 6= σy00 . Figure
5.7 graphically depicts this situation. σx0 6= σy00 implies that there exist time
points t and atoms a such that
1 σx0 (t) |=o a and ¬(σy00 (t) |=o a), or
2 σx0 (t) |=o ¬a and ¬(σy00 (t) |=o ¬a)
For all time points t and all atoms a for which 1 holds, it can be proven that
there is a z such that σy00 →1∗ σz00 and σz00 (t) |=o a and for all time points t
and all atoms a for which 2 holds, it can be proven that there is a z such that
σy00 →1∗ σz00 and σz00 (t) |=o ¬a.
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1 ¬(σy00 (t) |=o a) implies that σy00 (t) |=o ¬a or σy00 (t) |=o (a = undefined).
If σx0 (t) |=o a and σy00 (t) |=o ¬a, then either there is a
contradiction in the model, so there is no valid trace that
can be constructed (see proof 0 of Theorem 5.4.2), or the closed world assumption was applied to obtain σy00 (t) |=o ¬a
(proof 0)
If σx0 (t) |=o a and σy00 (t) |=o (a = undefined), then there
exists a z > y such that σy00 →1∗ σz00 and σz00 (t) |=o a.
(proof 1)
2 ¬(σy00 (t) |=o ¬a) implies that σy00 (t) |=o a or σy00 (t) |=o (a = undefined).
If σx0 (t) |=o ¬a and σy00 (t) |=o a, then either there is a contradiction in
the model, so there is no valid trace that can be constructed, (see proof 0
of Theorem 5.4.2), or the closed world assumption was applied to obtain
σx0 (t) |=o ¬a.
(similar to proof 0)
If σx0 (t) |=o ¬a and σy00 (t) |=o (a = undefined), then there
exists a z > y such that σy00 →1∗ σz00 and σz00 (t) |=o ¬a.
(proof 2)
proof 0:
Assume σx0 (t) |=o a and σy00 (t) |=o ¬a and σy00 (t) |=o ¬a was obtained through
application of the closed world assumption.
σx0 (t) |=o a implies that either
0a there is a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2
and α ⇒ a, or
(case 0a)
0b there is a rule α →e,f,g,h β such that σv0 (t0 ) |=o α . . . σv0 (t0 + g − 1) |=o α,
(case 0b)
σv0 →1∗ σx0 , t0 + g + e ≤ t < t0 + g + e + h and β ⇒ a.
proof 1:
Assume σx0 (t) |=o a and σy00 (t) |=o (a = undefined).
σx0 (t) |=o a implies that either
1a there is a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2
and α ⇒ a, or
(case 1a)
0 0
0 0
1b there is a rule α →e,f,g,h β such that σv (t ) |=o α . . . σv (t + g − 1) |=o α,
σv0 →1∗ σx0 , t0 + g + e ≤ t < t0 + g + e + h and β ⇒ a.
(case 1b)
proof 2:
Assume σx0 (t) |=o ¬a and σy00 (t) |=o (a = undefined).
σx0 (t) |=o ¬a implies that either
2a there is a fact holds during interval(t1 , t2 , α) such that t1 ≤ t < t2
and α ⇒ ¬a, or
(case 2a)
0 0
0 0
2b there is a rule α →e,f,g,h β such that σv (t ) |=o α . . . σv (t + g − 1) |=o α,
(case 2b)
σv0 →1∗ σx0 , t0 + g + e ≤ t < t0 + g + e + h and β ⇒ ¬a.
2c a ∈ cwa and rule CWA was applied to obtain σx0 (t) |= ¬a.
(case 2c)
case 0a:
Eventually, rule fact will be executed on holds during interval(t1 , t2 , α) in
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the creation of σ 00 , resulting in σz00 (t) |=o a for some z > y such that σy00 →1∗ σz00 .
Because σy00 (t) |=o ¬a due to application of CWA and σy00 →1∗ σz00 , σz00 (t) |=o ¬a
also holds, resulting in a contradiction in trace σ 00 .
case 0b:
Eventually, rule rule will be executed on α →e,f,g,h β in the creation of σ 00
(see case 1b in the proof of Theorem 5.4.2), resulting in σz00 (t) |=o a for some
z > y such that σy00 →1∗ σz00 . Because σy00 (t) |=o ¬a due to application of CWA
and σy00 →1∗ σz00 , σz00 (t) |=o ¬a also holds, resulting in a contradiction in trace
σ 00 .
case 1a:
Eventually,
either
rule
fact
will
be
executed
on
(case 1a-1)
holds during interval(t1 , t2 , α) in the creation of σ 00 , or
the closed world assumption will be applied to a in the creation of σ 00 .
(case1a-2)
case 1a-1 :
application of rule fact means that there is a z > y such that σy00 →1∗ σz00
and σz00 (t) |=o α (see case 1a in the proof of Theorem 5.4.2).
Since α ⇒ a, σz00 (t) |=o a.
case 1a-2 :
application of the closed world assumption results in σz00 (t) |=o ¬a for
some z > y, σy00 →1∗ σz00 . However, in the creation of σz00 , the fact
holds during interval(t1 , t2 , α) is not yet applied. This fact will eventually be applied, resulting in σv00 (t) |=o α for some v > z, σz00 →1∗ σv00 . Since
α ⇒ a, σv00 (t) |=o a. But because σz00 →1∗ σv00 and σz00 (t) |=o ¬a, σv00 (t) |=o ¬a
also holds, resulting in a contradiction in trace σ 00 .

case 1b:
Eventually, either rule rule will be executed on α →e,f,g,h β in the creation of
σ 00 , or
(case 1b-1)
the closed world assumption will be applied to a in the creation of σ 00 .
(case1b-2)
case 1b-1 :
application of rule rule means that there is a z > y such that σy00 →1∗ σz00
and σz00 (t) |=o β (see case 1b in the proof of Theorem 5.4.2).
Since β ⇒ a, σz00 (t) |=o a.
case 1b-2 :
application of the closed world assumption results in σz00 (t) |=o ¬a for some
z > y, σy00 →1∗ σz00 . However, in the creation of σz00 , the rule α →e,f,g,h β is not
yet applied. This rule will eventually be applied, resulting in σv00 (t) |=o β for
some v > z, σz00 →1∗ σv00 . Since β ⇒ a, σv00 (t) |=o a. But because σz00 →1∗ σv00
and σz00 (t) |=o ¬a, σv00 (t) |=o ¬a also holds, resulting in a contradiction in
trace σ 00 .
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case 2a:
Eventually,
either
rule
fact
will
be
executed
on
(case 2a-1)
holds during interval(t1 , t2 , α) in the creation of σ 00 , or
the closed world assumption will be applied to a in the creation of σ 00 .
(case2a-2)
case 2a-1 :
application of rule fact means that there is a z > y such that σy00 →1∗ σz00
and σz00 (t) |=o α (see case 1a in the proof of Theorem 5.4.2).
Since α ⇒ ¬a, σz00 (t) |=o ¬a.
case 2a-2 :
application of the closed world assumption results in σz00 (t) |=o ¬a for some
z > y, σy00 →1∗ σz00 .

case 2b:
Eventually, either rule rule will be executed on α →e,f,g,h β in the creation of
σ 00 , or
(case 2b-1)
the closed world assumption will be applied to a in the creation of σ 00 .
(case2b-2)
case 2b-1 :
application of rule rule means that there is a z > y such that σy00 →1∗ σz00
and σz00 (t) |=o β (see case 1b in the proof of Theorem 5.4.2).
Since β ⇒ ¬a, σz00 (t) |=o ¬a.
case 2b-2 :
application of the closed world assumption results in σz00 (t) |=o ¬a for some
z > y, σy00 →1∗ σz00 .

case 2c:
a ∈ cwa and σy00 (t) |=o (a = undefined) implies that either a fact or rule can be
applied at some step z > y such that σy00 →1∗ σz00 and σz00 (t) |=o a, or
(case 2c-1)
σz00 (t) |=o ¬a, or
(case 2c-2)
at some step z > y such that σy00 →1∗ σz00 , the closed world assumption is applied
to atom a at time t, resulting in σz00 (t) |=o ¬a.
(case2c-3)
case2c-1 :
In this case, this fact or rule is not yet applied in σx0 . At some step v > x
such that σx0 →1∗ σv0 , this fact or rule will be applied, resulting in σv0 (t) |=o a.
However, since σx0 →1∗ σv0 and σx0 (t) |=o ¬a, σv0 (t) |=o ¬a also holds, resulting
in a contradiction.
case 2c-2 :
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For some z > y, such that σy00 →1∗ σz00 , σz00 (t) |=o ¬a.
case 2c-3 :
For some z > y, such that σy00 →1∗ σz00 , σz00 (t) |=o ¬a.

So for a valid model, application of the rules of the operational semantics of
LEADSTO results in a unique trace, provided that in the creation of the trace,
contradictions are avoided. Since the LEADSTO tool also provides a unique
trace, the operational semantics provides a sufficient model for the operation of
the tool.

5.4.2

Operational semantics provides a valid simulation
trace

Theorem 5.4.5 states that for each model M , if there exists a trace σ such that
σ |=o M , then also σ |=d M : if the operational semantics provides a simulation trace, then that simulation trace also satisfies the denotational semantics.
In other words, the trace provided by the operational semantics is always an
element of the set of traces allowed by the denotational semantics. Figure 5.8
graphically depicts the situation in which the trace provided by the operational
semantics is an element of the set of traces allowed by the denotational semantics
for a simple example model consisting of one atom.

Figure 5.8: The relation between the operational and the denotational semantics of
LEADSTO. This relation is proven in Theorem 5.4.5. The example model M is a model
consisting of only the fact holds during interval(0, 2, a). Therefore, the operational
semantics of LEADSTO leaves the value of atom a undefined at time 2 while the
denotational semantics provides a set of three traces: one in which the value of atom
a is left undefined at time 2, one in which the value of atom a is true at time 2 and
one in which the value of atom a is false at time 2.

The proof of Theorem 5.4.5 uses Lemma 5.4.1.

Lemma 5.4.1 (Operational semantics of restricted propositional formulae in
LEADSTO is consistent with denotational semantics). If σ(t) |=o α for some
restricted propositional formula α, then σ(t) |=d α.
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Proof. case α is an atom a:
The operational semantics of an atom states that σ(t) |=o a ⇒ atom a is true
at time t.
The denotational semantics of an atom states that σ(t) |=d a ⇔ atom a is true
at time t.
So if σ(t) |=o a, then atom a is true at time t, and because atom a is true at
time t, σ(t) |=d a.
Therefore, if σ(t) |=o a, then σ(t) |=d a.
case α is of the form ¬a for some atom a:
The operational semantics of the negation of an atom states that σ(t) |=o ¬a ⇒
atom a is false at time t.
The denotational semantics of the negation of an atom states that σ(t) |=d ¬a ⇔
atom a is false at time t.
So if σ(t) |=o ¬a, then atom a is false at time t, and because atom a is false at
time t, σ(t) |=d ¬a.
Therefore, if σ(t) |=o ¬a, then σ(t) |=d ¬a.
case α is of the form β ∧ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=o β ⇒ σ(t) |=d β and
σ(t) |=o γ ⇒ σ(t) |=d γ.
The operational semantics of a conjunction states that σ(t) |=o β ∧ γ ⇒ σ(t) |=o
β and σ(t) |=o γ.
The denotational semantics of a conjunction states that σ(t) |=d β ∧ γ ⇔
σ(t) |=d β and σ(t) |=d γ.
So if σ(t) |=o β and σ(t) |=o γ, then according to the induction hypothesis
σ(t) |=d β and σ(t) |=d γ and according to the denotational semantics of a
conjunction, σ(t) |=d β ∧ γ.
Therefore, if σ(t) |=o β ∧ γ, then σ(t) |=d β ∧ γ.

Theorem 5.4.5 (Valid simulation results). The operational semantics provides
a valid simulation trace: for each model M , if there exists a trace σ such that
σ |=o M , then also σ |=d M .
Proof. Assume σ |=o M . To prove that σ |=d M , it needs to be proven that
1 ∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)
and
2 ∀α→e,f,g,h β∈rules σ |=d α →e,f,g,h β and
3 ∀a∈cwa σ |=d closed(a)
proof 1:
The operational semantics states that for all time points t:
(holds during interval(t1 , t2 , α) ∈ M ∧ t1 ≤ t < t2 ∧ start ≤ t < end) ⇒
σ(t) |=o α.
Lemma 5.4.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any restricted propositional
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formula α.
So if σ |=o M , holds during interval(t1 , t2 , α) ∈ M , and start ≤ t < end,
then t1 ≤ t < t2 ⇒ σ(t) |=d α, which coincides with the denotational semantics
of a fact.
So if σ |=o M , then
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α).
proof 2:
The operational semantics states that for all time points t and t0 :
(α →e,f,g,h β ∈ M ∧ σ(t) |=o α ∧ . . . ∧ σ(t + g − 1) |=o α ∧ t + g + e ≤
t0 < t + g + e + h ∧ t ≥ start ∧ t0 < end) ⇒ σ(t0 ) |=o β.
Lemma 5.4.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any restricted propositional
formula α.
So if σ |=o M and α →e,f,g,h β ∈ M , then (σ(t) |=d α ∧ . . . ∧ σ(t + g − 1) |=d
α ∧ t + g + e ≤ t0 < t + g + e + h ∧ t ≥ start ∧ t0 < end) ⇒ σ(t0 ) |=d β.
Let t = t1 , then this can be rewritten to: (σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d
α ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t1 ≥ start ∧ t0 < end) ⇒ σ(t0 ) |=d β.
(t2 + e ≤ t0 ∧ t0 < end) ⇒ t2 < end, therefore the above can be rewritten to:
(σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d α ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ start ≤
t1 ∧ t2 < end ∧ t0 < end) ⇒ σ(t0 ) |=d β.
(t2 − t1 = g ∧ t2 < end) ⇒ t1 < end, (t2 − t1 = g ∧ start ≤ t1 ) ⇒ start ≤ t2
and σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d α can be written as ∀t1 ≤t<t2 σ(t) |=d α, so
the above can be rewritten to:
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 <
end) ⇒ σ(t0 ) |=d β.
This holds for all such t0 , so we obtain:
If σ |=o M and α →e,f,g,h β ∈ M , then (∀start≤t1 ,t2 <end (t2 − t1 = g ∧
(∀t1 ≤t<t2 σ(t) |=d α)) ⇒ (∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)), which coincides
with the denotational semantics of a rule.
So if σ |=o M , then ∀α→e,f,g,h β∈rules σ |=d α →e,f,g,h β.
proof 3:
The operational semantics states that for each time point t and each atom
a ∈ cwa, either a fact or a rule can be applied, resulting in either σ(t) |=o a or
σ(t) |=o ¬a, or the rule CWA will be applied, resulting in σ(t) |=o ¬a.
Lemma 5.4.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any restricted propositional
formula α.
So if σ |=o M and a ∈ cwa, then for all start ≤ t < end, we have that either
σ(t) |=o ¬a, or there is either a fact holds during interval(t1 , t2 , α) ∈ M
such that t1 ≤ t < t2 and α ⇒ a, or a rule α →e,f,g,h β ∈ M such that σ(t0 ) |=o
α ∧ . . . ∧ σ(t0 + g − 1) |=o α ∧ t0 + g + e ≤ t < t0 + g + e + h ∧ t0 ≥ start ∧ t < end
and β ⇒ a.
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According to Lemma 5.4.1: σ(t) |=o ¬a ⇒ σ(t) |=d ¬a.
and (σ(t0 ) |=o α∧. . .∧σ(t0 +g −1) |=o α) ⇒ (σ(t0 ) |=d α∧. . .∧σ(t0 +g −1) |=d α)
Let t2 = t0 + g, then the latter can be rewritten to:
∀t2 −g≤t0 <t2 σ(t0 ) |=d α
So we obtain, if σ |=o M and a ∈ cwa, then for all start ≤ t < end,
we have that either
σ(t) |=d ¬a, or
holds during interval(t1 , t2 , α) ∈ M ∧ t1 ≤ t < t2 ∧ α ⇒ a, or
α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d α ∧ (β ⇒ a).
So we have ∀start≤t<end σ(t) |=d ¬a∨
(holds during interval(t1 , t2 , α) ∈ M ∧ t1 ≤ t < t2 ∧ α ⇒ a) ∨
(α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d α ∧ (β ⇒ a))

Which is a disjunction of three of the four terms that make up the denotational
semantics of closed(a), so if σ |=o M , then ∀a∈cwa σ |=d closed(a).

5.5

Evaluation of user induced requirements

LEADSTO is a high-level language and it is fairly easy to use. There are only
two types of constructs; facts and rules, which makes LEADSTO models easy
to read. Furthermore, the use of the closed world assumption reduces the size
of a model, making it easier to read. However, it should be noted that the use
of the closed world assumption may also obscure the readability of a model: it
can have unanticipated effects on the behaviour of a model, as demonstrated
by the example of the simple animal provided in Section 5.4. Furthermore, for
large models the use of only the two constructs of facts and rules may result in
poorly structured models. Input, output and internal states are all represented
in the same manner, while their separation would provide a better structure to
a model. So there is moderate support for Requirement U 1.
A tool for model checking on LEADSTO models is not available. However,
it was shown in Section 5.4 that implementation of such a tool is possible. Results can be presented in such a way that they are easily interpretable when the
tool does not just return whether a certain property holds, but also one or more
counterexamples in case a property does not hold.
The rules of the operational semantics are easy to apply as proof rules. Proofs
can be constructed by hand or a theorem prover can be implemented. Either
way, if proofs are presented in such a way that each reasoning step consists of a
single application of a rule, the proofs will be easily interpretable. However, as
was already noted in Section 5.4, in order for the rules to be used as proof rules,
the operational semantics needs to be equivalent to the denotational semantics.
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Therefore, even though absence of a tool for model checking and a system of
proof rules indicates no support for Requirement U 3, support for the requirement can be obtained through adaptation of the existing TTL tool, which
verifies properties over simulation traces, and the operational semantics. A design methodology for the development of LEADSTO models is not available, so
there is no support for Requirement U 2.

5.6

Conclusion

Compared to generic and rule-based languages, LEADSTO provides better support for the modelling of the dynamics of a cognitive process. However, the
inclusion of a start time and an end time in the model diminishes this support
somewhat. Also, there is no way to explicitly represent an ontology and there is
no way to distinguish internal mental states from external environmental states.
Considering the definition induced requirements, it can be stated that:
LEADSTO is not suitable, because
• There is no way to represent an ontology. (Requirement D 1)
• External environmental states can not be distinguished from internal mental states. (Requirements D 3 and D 4)
• Inclusion of start and end time diminish support for the modelling of the
dynamics of a process. (Requirements D 5 and D 6)
However, reusable aspects are
• The syntax of LEADSTO facts allows modelling of intervals of time at
which certain states occur. (Requirement D 6)
• The syntax of LEADSTO rules allows modelling of the temporal relations
between states. (Requirement D 5)
Methods for design and verification are not available for LEADSTO. The fact
that the operational semantics is not equivalent to the denotational semantics
of LEADSTO forms a problem for future development of such methods. Furthermore, design of valid and correct models is obstructed by the use of the
closed world assumption, the fact that no clear method for initialisation is available and the fact that a random delay can be specified. Provision of input to a
model in LEADSTO needs to be specified within the model, it is not possible
to parameterise models.
However, a specification language, TTL, is available, which can be used in the
development of a verification method. Due to its restricted syntax, LEADSTO
provides support for Requirement G 3 by limiting the number of ways in which a
process can be modelled. Furthermore, the LEADSTO tool provides simulation
results that are easy to interpret.
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Considering the goal induced requirements, it can be stated that:
LEADSTO is not suitable, because
• No methods for design and verification are available. (Requirements G 1
and G 2)
• Development of such methods is obstructed by the fact that LEADSTO’s
operational semantics is not equivalent to its denotational semantics. (Requirements G 1 and G 2)
• Design of valid and correct models is obstructed by the use of the closed
world assumption, the fact that no clear method for initialisation is available and the fact that a random delay can be specified. (Requirement
G 1)
• A LEADSTO model can not be parameterised. (Requirement G 4)
However, reusable aspects are
• Limited syntax resulting in a limited number of different ways in which a
cognitive process can be modelled. (Requirement G 3)
• Easily interpretable simulation results provided by the LEADSTO tool.
(Requirement G 5)
• Specification language TTL can be used for verification methods. (Requirement G 2)
LEADSTO is a high-level language with a very restricted syntax, which makes
its models easy to create and easy to read. The closed world assumption adds to
this ease by reducing the size of models. However, the closed world assumption
may also obscure readability of a model due to unanticipated effects on the behaviour of the model. Furthermore, separation of external environmental states
from internal mental states would very much increase readability. No verification methods are available, but the TTL tool provides a basis for the creation of
a method for model checking and adaptation of the operational semantics may
provide an easy to use method for theorem proving.
Considering the user induced requirements, it can be stated that:
LEADSTO is not suitable, because
• No verification methods are available. (Requirement U 3)
• No design methodology is available. (Requirement U 2)
However, reusable aspects are
• Limited syntax which makes models easy to read. (Requirement U 1)
• The closed world assumption, which reduces the size of models, thereby
making them easier to read. (Requirement U 1)
• The TTL tool provides easily interpretable results for the verification of
properties over sets of traces. (Requirement U 3)
• The operational semantics provides easy to apply proof rules. (Requirement U 3)
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Table 5.1 provides an extension of Table 4.1 including an overview of support
for the requirements from LEADSTO.
imperative
D
D
D
D
D
D
G
G
G
G
G
U
U
U

1
2
3
4
5
6
1
2
3
4
5
1
2
3

+
+
+
+
−
−
++
++
−
−
−
−
−+
−+

object
oriented
+
+
+
+
−
+
+
+
−
−
−
−
−
−

concurrent

functional

logic

scripting

rulebased

LEADSTO

+
+
+
+
−
−
+
+
−
−
−
−
−
−

−
+
−
−
+
−
+
+
−
−
−
−
−
−

+
−
+
+
−
−
++
++
−+
−−
−
−+
+
−+

+
+
+
+
−
−
+
+
−
−
−
−+
−
−

+
+
+
+
−
+
−
−
+
−
+−
+
−
−

−
+
+−
+−
++
++
−
−
+
−
+−
+−
−−
+−

Table 5.1: Overview of support for requirements from generic and rule-based languages
and LEADSTO.
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Chapter 6

Suggested modifications
Chapter abstract
The language LEADSTO is used as a basis to be adapted
to fit the requirements presented in Chapter 2. The choice
for LEADSTO is based on its excellent support for the representation of temporal relations and time, its restricted
syntax, the availability of a simulation tool that provides
easily interpretable simulation results, and the availability
of a specification language to accompany the modelling language. Semantical as well as syntactical adaptations are
necessary and furthermore, a design methodology and a verification method need to be constructed. Inspiration for
some of the adaptations was drawn from reusable aspects of
the languages evaluated in Chapters 3 and 4.

6.1

Motivation for using LEADSTO as a basis

Languages that do not support temporal relations and timing of states (Requirements D 5 and D 6) need major modifications in order to become suitable for
cognitive agent modelling. LEADSTO is the only evaluated language that supports both temporal relations and timing of states. All other definition induced
requirements, except for the representation of an ontology (Requirement D 1),
are also supported by LEADSTO. Inclusion of an ontology requires only minor
syntactical changes.
Regarding goal induced requirements, it can be stated that LEADSTO is the
only evaluated language that provides a standard interface in which simulation results are presented in an easily interpretable manner (Requirement G 5).
This tool can be adapted to fit the semantics of the newly constructed language.
LEADSTO also has a very limited syntax, providing good support for Requirement G 3. Provision of input parameters (Requirement G 4) would require
only minor syntactical changes. The biggest problem with using LEADSTO
as a basis is that there are no ready made methods for design and verification
available (Requirements G 1 and G 2). However, a specification language is
available and it was already shown that symbolic model checking is possible
on LEADSTO models. Furthermore, derivation rules like the ones presented in
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Section 5.2.2 provide easy to apply proof rules. Finally, because LEADSTO is
very much based on propositional logic, possibly the advantageous method of
top-down stepwise refinement, used in logic languages, can be slightly adapted
for application as a design methodology on LEADSTO models.
It was already mentioned that LEADSTO has a very limited syntax. This
provides strong support for the construction of easily readable models. The
limited syntax also provides potential for the construction of easy to apply methods for the design of LEADSTO models. Implementation of a tool for model
checking would provide an easy to apply method for verification and adaptation
of the operational semantics can provide easy to apply proof rules.
So in short, LEADSTO is chosen as a basis mainly because it is the only evaluated language that provides syntax for the expression of temporal relations
and timing, because it is the only evaluated language that provides an interface
for presenting simulation results in an easily interpretable manner and because
even though there are no methods for design and verification available, there is
potential for constructing easily applicable methods.

6.2

Required adaptations

In order for LEADSTO to fit the definition induced requirements, an ontology
should be included into the syntax of a model (1). Explicit separation of internal and external states is desirable (2) in order to provide maximum support
for Requirements D 3 and D 4. Support for Requirements D 5 and D 6 can be
maximised by removing the explicit statement of a start and end time within
the model (3).
The goal induced requirements require modification of the syntax of LEADSTO
to include expression of input parameters (4). Construction of methods for design and verification require an operational semantics that is equivalent to the
language’s denotational semantics (5). Adaptation of the operational semantics
results in a need to adapt the current simulation tool to employ the adapted
operational semantics (6). Furthermore, methods for design and verification
need to be constructed (8,9).
Finally, the user induced requirements demand easily readable models. In order
to maximise support for Requirement U 1, the delay parameters e and f specifying a random delay should be replaced by a single, deterministic parameter
(7). Requirements U 2 and U 3 require that the methods for design and verification that are constructed are easily applicable and that their results are easy
to interpret. (8,9)
So we obtain the following necessary adaptations:
1
2
3
4

Inclusion of expression for an ontology.
Providing separation of internal from external states.
Removal of start and end time.
Inclusion of expression of input parameters.
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5 Providing an operational semantics that is equal to the denotational semantics.
6 Adapting the simulation tool to employ the new operational semantics.
7 Replacing delay parameters e and f with one deterministic delay parameter.
8 Providing an easily applicable design methodology.
9 Providing an easily applicable method for verification with easily interpretable results.

6.3

Reusable aspects from evaluated languages

Chapters 3 and 4 indicated some reusable aspects of generic and rule-based
languages that may be used in adapting LEADSTO to fit the requirements.
Regarding definition induced requirements, the following aspects are possibly
reusable:
D 1 Imperative languages provide a way of expressing an ontology through
declaration of variables.
D 3, D 4 Object oriented languages provide a nice way of structuring a model.
They also provide a way to separate internal mental states from external
environmental states.
D 5 Functional languages provide a convenient way of expressing the dynamics
of rules.
D 6 Rule-based languages provide good support for modelling the state at a
particular point in time, they provide a reasoning trace.
Regarding goal induced requirements, the following aspects are possibly reusable:
G 1, G 2 Design methodologies and verification methods are abundant and
robust for imperative languages.
G 3 Logic languages provide a restriction on the representation of an ontology:
only boolean variables can be used.
G 3 Rule-based languages have a restricted syntax which limits the number of
ways in which a process can be modelled.
Regarding user induced requirements, the following aspects are possibly reusable:
U 1 Logic and scripting languages are very high-level, so models are easily
readable.
U 1 Object oriented languages provide a nice way of structuring models, making them more easy to read.
U 1 Rule-based languages have a very restricted syntax, making models easy
to read.
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U 2, U 3 Cognitive agent models are fairly simple models. Documentation can
be provided at a non-expert level that explains the application of existing
design methodologies and verification methods specifically on cognitive
agent models.
U 2, U 3 Logic languages have a semantics that can be used for modelling
as well as for specification, thereby providing an easily applicable design
methodology (top-down stepwise refinement) and an easily applicable verification method (natural deduction).

6.4

Possible incorporation of reusable aspects

Table 6.1 provides an overview of how the reusable aspects, summarised in
Section 6.3 can be used to provide the necessary adaptations to LEADSTO,
described in Section 6.2.
Declaration of variables in imperative languages can be used as a means of expressing an ontology. The use of the structure of classes in an ontology enables
creation of better structured models, thereby making them more easily readable.
The structure of classes provided by object oriented languages may also provide a way of separating internal from external mental states.
Imperative languages provide robust design methodologies. For example Hoare
triples and invariants can be used to derive correct models. Possibly documentation can be provided on a non-expert level specifically tailored to cognitive
agent models such that these techniques can be taught to the specific group
of users. Logic languages provide a more easy to use method. Because logic
languages have semantics that can be used for modelling as well as specification,
a top-down stepwise refinement method can be used to derive a correct model
from a specification.
Similarly, imperative languages provide robust methods for verification: model
checking using state transition graphs and various theorem proving methods.
For logic languages, a method of natural deduction can be used for theorem
proving. This can partly be automated and it is a technique that is fairly easy
to understand.
The following chapters will discuss the modifications that need to be made to
LEADSTO. Reuse of aspects of generic or rule-based languages will be indicated
through reference to table 6.1.
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Adaptation
1
1

Language
Imperative
Object oriented

2
8
8
9

Object oriented
Imperative
Logic
Imperative

9

Logic

Reusable part
Declaration of variables
Extra support for easily readable models
through structure of classes
Structure of classes
Hoare triples and invariants
Top-down stepwise refinement
State transition graphs and theorem proving methods
Natural deduction

Table 6.1: Overview of how reusable aspects of generic and rule-based languages can
be used to provide the necessary adaptations to LEADSTO.

6.5

Conclusion

First of all, it should be noted that in adapting LEADSTO, its advantageous
aspects should be kept in mind. Adaptations should avoid impairment of these
advantageous aspects as much as possible. In short these aspects are
•
•
•
•

Excellent support for temporal relations and time
Restricted syntax
A tool that provides easily interpretable simulation results
Availability of a specification language to accompany the modelling language

The nine necessary adaptations that were listed in Section 6.2 can be divided
into three categories: semantical adaptations, syntactical adaptations and the
development of methods for design and verification.
The modification of the operational semantics such that it is equivalent to the
denotational semantics (5) is the major semantical adaptation. This semantical
issue is dealt with first, because making changes to the syntax of the language
may impair the existing relation between the operational and the denotational
semantics. The fact that any trace that is provided by the operational semantics
is also allowed by the denotational semantics (see Theorem 5.4.5) can be used in
acquiring the necessary adaptations to obtain equivalent semantics. Adaptation
of the semantics implies an adaptation of the simulation tool to employ the new
operational semantics (6). These adaptations will be discussed in Chapter 7.
The necessary syntactical adaptations are the inclusion of an ontology (1), the
inclusion of a mechanism for separating internal from external states (2), removal of start and end time (3), inclusion of input parameters (4) and replacement
of the delay parameters e and f with a single deterministic delay parameter
(7). Declaration of variables in imperative languages can provide inspiration
for the construction of an ontology. The structure of classes provided by object
oriented languages can provide inspiration for separating internal from external
states and providing a way of structuring the internal states. These syntactical
adaptations will be discussed in Chapter 8.
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Finally, methods for design and verification need to be developed that are easy
to apply and have easily interpretable results. For the construction of such methods, inspiration can be drawn from methods provided for imperative and logic
languages. The construction of such methods will be discussed in Chapter 9.
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Chapter 7

Semantical adaptations
Chapter abstract
The operational semantics of LEADSTO is not equivalent
to its denotational semantics. However, there is a subset of
LEADSTO models for which the operational semantics is
equivalent to its denotational semantics. This is the subset of models for which all α →e,f,g,h β ∈ rules are such
that ¬β never holds and for which the set CWA consists of all
atoms that can be built from the ontology. The operational
semantics of LEADSTO is therefore extended with a rule
for so called modus tollens application of a LEADSTO rule.
Furthermore, it is demonstrated that default application of
the closed world assumption to all atoms is problematic.
Therefore, the closed world assumption is removed from the
semantics of LEADSTO. To reduce the risk of underspecification that arises from the removal of the closed world assumption, the syntax and semantics of rules is adapted. The
operational semantics of the adapted language, LEADSTO
2.0, is equal to its denotational semantics. However, simulations of LEADSTO 2.0 models can no longer be obtained
by simple implementation of the rules of the operational semantics. The method of TROBDD’s is introduced to create
labelled decision diagrams for LEADSTO 2.0 models per
time unit. Because the operational semantics of LEADSTO
2.0 allows multiple traces, presentation of simulation results
is an issue that needs to be investigated.

7.1

Models with equal semantics

In the previous section it was proven that whenever the operational semantics
provides a trace, this trace is also allowed by the denotational semantics (see
Theorem 5.4.5). However, it was also proven that not all traces that are allowed
by the denotational semantics are provided by the operational semantics, since
the operational semantics provides at most one trace while the denotational
semantics may allow multiple traces (see Theorem 5.4.1). It seems that the
operational semantics provided in Chapter 5 is not very adapt at implementing
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the denotational semantics of LEADSTO. In this section, it will be shown that
there is a reasonably sized set of LEADSTO models for which the operational
semantics does provide an adapt implementation of the denotational semantics: a set of LEADSTO models for which the operational semantics is equal
to the denotational semantics. This is the set of models that allows exactly
one trace. Models for which the set cwa consists of all atoms that can be built
from the ontology and for which the possibility of modus tollens application
of a LEADSTO rule is excluded are models that allow exactly one trace (see
Theorem 7.1.1). Modus tollens application of a LEADSTO rule denotes the
situation where α →e,f,g,h β ∈ M and at time t, ¬β holds. According to the
denotational semantics this means that earlier ¬α should hold, similar to the
modus tolelns of an implication x ⇒ y which is ¬y ⇒ ¬x.
The proof of Theorem 7.1.1 uses Lemma 7.1.1.

Lemma 7.1.1 (Denotational semantics of restricted propositional formulae in
LEADSTO is consistent with operational semantics). If σ(t) |=d α for some
restricted propositional formula α, then σ(t) |=o α.
Proof. case α is an atom a:
The denotational semantics of an atom states that σ(t) |=d a ⇔ atom a is true
at time t.
Assume that σ(t) |=d a, then atom a is true at time t.
Assume that σ(t) |=o ¬a, then according to the operational semantics atom
a would be false at time t. If atom a is false at time t, then according to the
denotational semantics, σ(t) |=d ¬a, resulting in a contradiction.
Therefore, if σ(t) |=d a, then σ(t) |=o a.
case α is of the form ¬a for some atom a:
The denotational semantics of an atom states that σ(t) |=d ¬a ⇔ atom a is
false at time t.
Assume that σ(t) |=d ¬a, then atom a is false at time t.
Assume that σ(t) |=o a, then according to the operational semantics atom a
would be true at time t. If atom a is true at time t, then according to the
denotational semantics, σ(t) |=d a, resulting in a contradiction.
Therefore, if σ(t) |=d ¬a, then σ(t) |=o ¬a.
case α is of the form β ∧ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=d β ⇒ σ(t) |=o β and
σ(t) |=d γ ⇒ σ(t) |=o γ.
The denotational semantics of a conjunction states that σ(t) |=d β ∧ γ ⇔
σ(t) |=d β and σ(t) |=d γ.
Assume that σ(t) |=d β ∧ γ, then σ(t) |=d β and σ(t) |=d γ.
Assume that σ(t) |=o β ∧ γ does not hold.
This means that either one of the conjuncts of β or one of the conjuncts of γ
does not hold. So either σ(t) |=o β does not hold, or σ(t) |=o γ does not hold.
However, due to the induction hypothesis, σ(t) |=o β and σ(t) |=o γ, resulting
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in a contradiction.
Therefore, if σ(t) |=d β ∧ γ, then σ(t) |=o β ∧ γ.

Theorem 7.1.1 (Equality of denotational and operational semantics for a subset of LEADSTO models). LEADSTO models for which all α →e,f,g,h β ∈
rules are such that ¬β never holds and for which the set CWA consists of all
atoms that can be built from the ontology have an operational semantics that is
equal to the denotational semantics. The assumption that ¬β never holds and
that the set CWA consists of all atoms that can be built from the ontology is a
necessary assumption for equality of the denotational and operational semantics
of a LEADSTO model.
Proof. It needs to be proven that (∀α→e,f,g,h β∈rules¬(∃start≤t<end σ(t) |=d
¬β)) ∧ (∀atoms a that can be built from the ontology a ∈ cwa) ⇒ (σ |=d M ⇔ σ |=o
M ).
Theorem 5.4.5 states that for all LEADSTO models M , σ |=o M ⇒ σ |=d M
holds. So it remains to be proven that (∀α→e,f,g,h β∈rules
 ¬(∃start≤t<end σ(t) |=d
¬β)) ∧ (∀atoms a that can be built from the ontology a ∈ cwa) ⇒ (σ |=d M ⇒ σ |=o
M ).

Assume that ∀α→e,f,g,h β∈rules ¬ ∃start≤t<end σ(t) |=d ¬β ∧
(∀atoms a that can be built from the ontology a ∈ cwa).
Assume that σ |=d M
According to the denotational semantics provided in Section 5.2.2,
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α) ∧
∀α→e,f,g,h β∈rules σ |=d α →e,f,g,h β ∧
∀a∈cwa σ |=d closed(a)

case facts:
For all holds during interval(t1 , t2 , α) ∈ facts: ∀start≤t<end t1 ≤ t < t2 ⇒
σ(t) |=d α.
To prove: ∀start≤t<end t1 ≤ t < t2 ⇒ σ(t) |=o α
Assume start ≤ t < end and t1 ≤ t < t2 , then according to rule fact
σ(t) |=o α.
case rules:
For all α →e,f,g,h β ∈ rules: (∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d
α)) ⇒ (∀t2 +e≤t0 <t2 +d+h,t0 <end σ(t0 ) |=d β))
case 1 :
Assume start ≤ t1 , t2 < end, t2 − t1 = g and ∀t1 ≤t<t2 σ(t) |=d α,
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then ∀t2 +e≤t0 <t2 +d+h,t0 <end σ(t0 ) |=d β.
To prove: ∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=o β
Let t1 = t and t2 = t1 + g,
then start ≤ t, t + g < end, t + g − t = g and ∀t≤t0 <t+g σ(t0 ) |=d α.
Lemma 7.1.1 states that σ(t) |=d α ⇒ σ(t) |=o α,
therefore start ≤ t, t + g < end, t + g − t = g and ∀t≤t0 <t+g σ(t0 ) |=o α.
This can be rewritten to start ≤ t, t + g < end and σ(t) |=o
α . . . σ(t + g − 1) |=o α.
Then according to rule rule, for all t0 such that t + g + e ≤ t0 < t + g + e + h
and t0 < end, σ(t) |=o β.
Since and t2 = t + g, this can be rewritten to:
∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=o β.
case 2 :
Assume start ≤ t1 , t2 < end and ¬(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=d β),
then ¬(t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=d α).
¬(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=d β)
=
∃t2 +e≤t0 <t2 +e+h,t0 <end ¬σ(t) |=d β
=
∃t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=d ¬β
This is in contradiction with the assumption that
∀α→e,f,g,h β∈rules ¬(∃start≤t<end σ(t) |=d ¬β) ∧
(∀atoms a that can be built from the ontology a ∈ cwa)
If however we discard this assumption, then we would have to obtain
¬(t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=d α
=
¬(t2 − t1 = g) ∨ ¬∀t1 ≤t<t2 σ(t) |=d α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 ¬σ(t) |=d α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 σ(t) |=d ¬α
=
(t2 − t1 = g) ⇒ ∃t1 ≤t<t2 σ(t) |=d ¬α
So if we assume (t2 − t1 = g), then
∃t1 ≤t<t2 σ(t) |=o ¬α should hold.
The following counterexample proves thatthe assumption that
∀α→e,f,g,h β∈rules ¬ ∃start≤t<end σ(t) |=d ¬β is necessary:
Consider the model M = (0, 2, cwa, facts, rules)
where
cwa = {a, b}
facts = {holds during interval(1, 2, ¬b)}
rules = {¬a →0,0,1,1 b}
Then according to the denotational semantics of facts, σ(1) |= ¬b holds.
So for t1 = 0, t2 = 1, e = 0 and g = h = 1: start ≤ t1 , t2 < end, (t2 − t1 = g
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and ¬(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t) |=d b) holds.
Therefore, according to the denotational semantics of a rule:
∃t1 ≤t<t2 σ(t) |=d a holds, so σ(0) |=d a holds.
However, the operational semantics provides a trace in which
application of rule fact leads to σ(1) |=o ¬b,
application of rule rule is not possible,
application of rule CWA then leads to σ(0) |=o ¬a
Because σ(0) |=o ¬a, rule rule can be applied on ¬a →0,0,1,1 b, resulting in
σ(1) |=o b, which is in contradiction with σ(t) |=o ¬b. So for such a model,
the operational semantics does not provide a valid trace.

So when the assumption ∀α→e,f,g,h β∈rules ¬ ∃start≤t<end σ(t) |=d ¬β is not
made, σ |=d M ⇒ σ |=o M does not hold.
case closed world assumption:
For all atoms a ∈ cwa:
∀start≤t<end σ(t) |=d ¬a∨

holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨

α →e,f,g,h β ∈ M ∧t2 +e ≤ t < t2 +e+h∧∀t2 −g≤t0 <t2 σ(t0 ) |=d α∧(β ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end∧

σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a)
=
∀start≤t<end σ(t) |=d a ⇒

holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨

α →e,f,g,h β ∈ M ∧t2 +e ≤ t < t2 +e+h∧∀t2 −g≤t0 <t2 σ(t0 ) |=d α∧(β ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end∧

σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a)
case 1 :
Assume start ≤ t < end and σ(t) |=d a,

then holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨ 
α →e,f,g,h β ∈ M ∧t2 +e ≤ t < t2 +e+h∧∀t2 −g≤t0 <t2 σ(t0 ) |=d α∧(β ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end∧

σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a)
According to the assumption ∀α→e,f,g,h β∈rules ¬(∃start≤t<end σ(t) |=d
¬β) ∧ (∀atoms a that can be built from the ontology a ∈ cwa),
¬β can never hold, so we obtain

holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨

α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d α ∧ (β ⇒ a)
To prove:

holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨

α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=o α ∧ (β ⇒ a)
According to Lemma 7.1.1, σ(t) |=d a ⇒ σ(t) |=o a.
Using the rules of the operational semantics, σ(t) |=o a can only be obtained
using the rule fact or the rule rule.

81

So we have that either
holds during interval(t1 , t2 , α) ∈ M ∧ t1 ≤ t < t2 ∧ α ⇒ a
or
α →e,f,g,h β ∈ M ∧ σ(t) |=o α ∧ . . . ∧ σ(t + g − 1) |=o α ∧ t + g + e ≤ t0 <
t + g + e + h ∧ β ⇒ a.
Let t + g = t2 , then the latter can be rewritten to :
α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t00 <t2 σ(t00 ) |=o α ∧ t2 + e ≤
t0 < t2 + e + h ∧ β ⇒ a.
case 2 :
Assume start ≤ t < end and

¬ holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a) ∨

α →e,f,g,h β ∈ M ∧t2 +e ≤ t < t2 +e+h∧∀t2 −g≤t0 <t2 σ(t0 ) |=d α∧(β ⇒ a) ∨
α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end ∧
σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a)



=
¬(holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a))∧
¬(α →e,f,g,h β ∈ M ∧t2 +e ≤ t < t2 +e+h∧∀t2 −g≤t0 <t2 σ(t0 ) |=d α∧(β ⇒ a))∧
¬(α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end∧
σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a))
Then (¬σ(t) |=d a) = (σ(t) |=d ¬a).
To prove: σ(t) |=o ¬a.
Because ¬(holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a)),
rule fact can not be applied to obtain σ(t) |=o a.
Because ¬(α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d
α ∧ (β ⇒ a)), rule rule can not be applied to obtain σ(t) |=o a.
¬(α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end ∧
σ(t0 )
|=d
¬β ∧ (∀t1 ≤t00 <t σ(t00 )
|=d
α) ∧ (∀t<t00 <t2 σ(t00 )
|=d
α) ∧ (¬α ⇒ a)) can not occur because it is in contradiction
with
|=d
 the assumption that ∀α→e,f,g,h β∈rules ¬ ∃start≤t<end σ(t)
¬β ∧ (∀atoms a that can be built from the ontology a ∈ cwa).
Therefore, rule CWA can be applied and σ(t) |=o ¬a is obtained.

Finally, for all atoms a 6∈ cwa and all time points start ≤ t < end, if
¬(holds during interval(t1 , t2 , γ) ∈ M ∧ t1 ≤ t < t2 ∧ (γ ⇒ a))∧
¬(α →e,f,g,h β ∈ M ∧ t2 + e ≤ t < t2 + e + h ∧ ∀t2 −g≤t0 <t2 σ(t0 ) |=d α ∧ (β ⇒ a))∧
¬(α →e,f,g,h β ∈ M ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t0 < end∧
σ(t0 ) |=d ¬β ∧ (∀t1 ≤t00 <t σ(t00 ) |=d α) ∧ (∀t<t00 <t2 σ(t00 ) |=d α) ∧ (¬α ⇒ a))
Then σ(t) |=d a, σ 0 (t) |=d ¬a and σ 00 (t) |=d (a = undefined) such that σ |=d M ,
σ 0 |=d M and σ 00 |=d M .
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However, there is no rule that can be applied to obtain σ(t) |=o a or σ(t) |=o ¬a.
Therefore, it is necessary that ∀atoms a that can be built from the ontology a ∈ cwa.

It should be noted that when an atom’s value is defined throughout the timespan of the model by rules and facts, this atom does not need to be in cwa in
order for the operational semantics of the model to be equal to its denotational
semantics. Furthermore, when ¬β holds for some rule α →e,f,g,h β, but ¬α is
defined at the correct time interval through modus ponens applications of rules1
and/or application of facts, the model’s operational semantics is also equal to its
denotational semantics. However, these are restrictions that can not be placed
on the syntax of a model.

7.2

Semantics of LEADSTO 2.0

From Theorem 7.1.1 it can be concluded that in order to obtain an operational
semantics that is equivalent to the denotational semantics, the closed world
assumption needs to be applied to all atoms as a default and a modus tollens
application of LEADSTO rules needs to be added to the operational semantics.
However, default application of the closed world assumption is problematic, as
was indicated by the example of the simple animal provided in Section 5.4.
Therefore, the closed world assumption will be disregarded and replaced with
another construct to prevent underspecification. These two adaptations lead to
a small change in the syntax of LEADSTO: the set cwa needs to be removed
from the syntax of a LEADSTO model and the syntax of a rule needs to be
adapted. The adapted language that includes these changes will be termed
LEADSTO 2.0. Definition 7.2.1 provides an exact definition of a model in the
adapted language LEADSTO 2.0.

Definition 7.2.1 (LEADSTO 2.0 model). A model M in LEADSTO 2.0
is defined as follows:
M =(start, end, facts, rules)
where
start,end∈ N,
end≥start,
facts a set of LEADSTO 2.0 facts and
rules a set of LEADSTO 2.0 rules.

The rule CWA needs to be removed from the operational semantics and the denotational semantics need to be adapted as follows:
1 Modus ponens application of a rule means that if the antecedent is true, then the
consequent should become true. The operational semantics specifies modus ponens application of a LEADSTO rule through rule rule.
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σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→e,f,g,h β∈rules σ |=d α →e,f,g,h β

Removal of the closed world assumption introduces a risk of underspecification.
Consider the example model depicted in Figure 1.6. In this model, there is a
risk of underspecification in case ¬world state(cup) holds. Therefore, rules
LP1 and LP2 should be complemented with a rule stating what should happen
to the value of the atom sensor state(cup) in case ¬world state(cup) and
a rule stating what should happen to the value of the atom srs(cup) in case
¬sensor state(cup).2
If for each rule α →e,f,g,h β ∈ M , the modeler can somehow be forced to
add such an extra rule, he is forced to consciously choose between specifying
explicitly what happens to the atoms in β in case α is not true, or specifying explicitly to leave the value of the atoms in β unspecified in case α is not true. As
an example, consider the situation where the modeler specifies a rule a →0,0,1,1 b
and he intends that b should not become true when a is not true. Then the
modeler needs to be forced to add a rule ¬a →0,0,1,1 ¬b. However, if the modeler
intends that b should be left unspecified when a is not true, then he may add
the rule ¬a →0,0,1,1 (b ∨ ¬b).

Figure 7.1: Rules LP1 and LP2 of the example model of Figure 1.6 do not specify
what happens to sensor state(cup) and srs(cup) in case world state(cup) is not
true.

This can be achieved through a syntactical modification. The modeler can be
forced to ’add’ such an alternative rule by changing the syntax of a LEADSTO
rule to α →e,f,g,h βγ, where γ specifies what happens to the atoms in β in
case rule α →e,f,g,h β can not be executed to obtain β. As has already become
clear in the example provided above, leaving the modeler with the option to
intentionally leave values of atoms in β unspecified implies that propositional
formula γ may not be restricted to conjunctions anymore. This leads to the
syntax of LEADSTO 2.0 rules as specified in Definition 7.2.3.
The syntax of LEADSTO facts does not need to be adapted, so the syntax of
LEADSTO 2.0 facts is equal to the syntax of LEADSTO facts. However, since
the syntax of a rule now allows (unrestricted) propositional formulae, these may
also be allowed in the syntax of a fact.
2 In

[5], this is termed temporal completion.
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Definition 7.2.2 (LEADSTO 2.0 fact). A LEADSTO 2.0 fact is a statement of the form holds during interval(t1 , t2 , α) where t1 , t2 ∈ N and α
is a propositional formula over the atoms that can be built from the ontology.

Definition 7.2.3 (LEADSTO 2.0 rule). A LEADSTO 2.0 rule is a statement of the form α →e,f,g,h βγ where α, β and γ are propositional
formulae over the atoms in the ontology, e, f, g, h ∈ N and e ≥ f . α is
called the antecedent of a rule, β is called the consequent of a rule and γ is
called the alternative consequent of a rule.

The denotational semantics of LEADSTO 2.0 needs to be adapted to include
the semantics of a LEADSTO 2.0 rule:
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ

The denotational semantics of a LEADSTO 2.0 rule needs to be adapted such
that γ holds during periods of time when α →e,f,g,h β can not be executed to
obtain β. If at time t, α does not hold, then for a duration of g + e time steps,
the rule can not be executed to obtain β. So ∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ
should hold in case σ(t) |=d ¬α. Furthermore, if α does hold for a duration of
g time steps (from t1 to t2 , then during a time period of e time steps, the value
of the atoms in β is unspecified. So ∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ. These two cases are
depicted graphically in Figure 7.2. The semantics of a LEADSTO 2.0 rule is
now as follows:
σ |=d α →e,f,g,h βγ ⇔
(∀start≤t1 ,t2 <end
(t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)))∧
(∀start≤t<end σ(t) |=d ¬α ⇒

∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ)
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Figure 7.2: Graphical representation of the semantics of a LEADSTO 2.0 rule.

The operational semantics of a LEADSTO 2.0 rule is provided by rules rule,
rule delay and rule alt.
α →e,f,g,h βγ ∈ M
σ(t) |=o α
...
σ(t + g − 1) |=o α
t + g + e ≤ t0 < t + g + e + h
t ≥ start
t0 < end
rule
σ(t0 ) |=o β
α →e,f,g,h βγ ∈ M
σ(t) |=o α
...
t + g ≤ t0 < t + g + e
t ≥ start
σ(t0 ) |=o γ

σ(t + g − 1) |=o α
t0 < end

rule delay

α →e,f,g,h βγ ∈ M
σ(t) |=o ¬α
t + 1 ≤ t0 < t + g + e
0
start ≤ t < end
t < end
rule alt
0
σ(t ) |=o γ
This takes care of the removal of the closed world assumption from the semantics
of LEADSTO. In order to obtain an operational semantics that is equivalent to
the denotational semantics, rules need to be added for modus tollens application
of a rule. Addition of rules for modus tollens need to model the denotational
semantics of a LEADSTO 2.0 rule, provided above. The two conjuncts of the
denotational semantics of a LEADSTO 2.0 rule can be rewritten as follows:
The first conjunct of the denotational semantics of a LEADSTO 2.0 rule can be
rewritten as:
∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∧ (∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β))
=
∀start≤t1 ,t2 <end ¬((∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)) ⇒
¬(t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α))
=
∀start≤t1 ,t2 <end (¬(∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∨
¬(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)) ⇒
(¬(t2 − t1 = g) ∨ ¬(∀t1 ≤t<t2 σ(t) |=d α))
=
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∀start≤t1 ,t2 <end ((∃t2 ≤t0 <t2 +e ¬(σ(t0 ) |=d γ)) ∨
(∃t2 +e≤t0 <t2 +e+h,t0 <end ¬(σ(t0 ) |=d β))) ⇒
(¬(t2 − t1 = g) ∨ (∃t1 ≤t<t2 ¬(σ(t) |=d α)))
=
∀start≤t1 ,t2 <end ((∃t2 ≤t0 <t2 +e σ(t0 ) |=d ¬γ) ∨
(∃t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d ¬β)) ⇒
(¬(t2 − t1 = g) ∨ (∃t1 ≤t<t2 σ(t) |=d ¬α))
=
∀start≤t1 ,t2 <end ((∃t2 ≤t0 <t2 +e σ(t0 ) |=d ¬γ) ∨
(∃t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d ¬β)) ⇒
((t2 − t1 = g) ⇒ (∃t1 ≤t<t2 σ(t) |=d ¬α))
This observation leads to the construction of rules rule modus tollens and
rule delay modus tollens.
α →e,f,g,h βγ ∈ M
start ≤ t1 , t2 < end
t2 + e ≤ t0 < t2 + e + h
t0 < end
σ(t0 ) |=o ¬β
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule modus tollens
σ(t) |=o ¬α
α →e,f,g,h βγ ∈ M
start ≤ t1 , t2 < end
t2 ≤ t0 < t2 + e
t0 < end
σ(t0 ) |=o ¬γ
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule delay modus tollens
σ(t) |=o ¬α
The second conjunct of the denotational semantics of a LEADSTO 2.0 rule
can be rewritten as:
∀start≤t<end σ(t) |=d ¬α ⇒ ∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ
=
∀start≤t<end ¬(∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ) ⇒ ¬(σ(t) |=d ¬α)
=
∀start≤t<end ¬(∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ) ⇒ σ(t) |=d α
=
∀start≤t<end (∃t+1≤t0 <t+g+e,t0 <end ¬(σ(t0 ) |=d γ)) ⇒ σ(t) |=d α
=
∀start≤t<end (∃t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d ¬γ) ⇒ σ(t) |=d α
This observation leads to the construction of rules rule alt modus tollens.
α →e,f,g,h βγ ∈ M
start ≤ t < end
t + 1 ≤ t0 < t + e + g
t0 < end
σ(t0 ) |=o ¬γ
rule alt modus tollens
σ(t) |=o α
The denotational semantics of a LEADSTO 2.0 model is provided by Definition 7.2.4. The operational semantics of a LEADSTO 2.0 model is provided by
Definition 7.2.5.
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Definition 7.2.4 (Denotational semantics of LEADSTO 2.0). The
denotational semantics of LEADSTO 2.0 is defined as follows:
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ

Where
σ |=d holds during interval(t1 , t2 , α) ⇔ ∀start≤t<end t1 ≤ t < t2 ⇒
σ(t) |=d α
and
σ |=d α →e,f,g,h βγ ⇔
(∀start≤t1 ,t2 <end
(t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)))∧
(∀start≤t<end σ(t) |=d ¬α ⇒

∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ)
The semantics of propositional formulae α, β and γ is defined as follows:
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d

a holds iff atom a is true at time t
¬a holds iff atom a is false at time t
¬α holds iff not σ(t) |=d α
α ∧ β holds iff σ(t) |=d α and σ(t) |=d β
α ∨ β holds iff σ(t) |=d α or σ(t) |=d β
α ⇒ β holds iff σ(t) |=d ¬α or σ(t) |=d β
α ⇔ β holds iff σ(t) |=d α ⇒ β and σ(t) |=d β ⇒ α
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Definition 7.2.5 (Operational semantics of LEADSTO 2.0). The operational semantics of LEADSTO 2.0 is defined by the following rules:
holds during interval(t1 , t2 , α) ∈ M
start ≤ t < end
σ(t) |=o α

t1 ≤ t < t2
fact

α →e,f,g,h βγ ∈ M
σ(t) |=o α
...
σ(t + g − 1) |=o α
t + g + e ≤ t0 < t + g + e + h
t ≥ start
t0 < end
rule
0
σ(t ) |=o β
α →e,f,g,h βγ ∈ M
σ(t) |=o α
...
t + g ≤ t0 < t + g + e
t ≥ start
σ(t0 ) |=o γ

σ(t + g − 1) |=o α
t0 < end

rule delay

α →e,f,g,h βγ ∈ M
σ(t) |=o ¬α
t + 1 ≤ t0 < t + g + e
0
start ≤ t < end
t < end
rule alt
σ(t0 ) |=o γ
α →e,f,g,h βγ ∈ M
start ≤ t1 , t2 < end
t2 + e ≤ t0 < t2 + e + h
t0 < end
σ(t0 ) |=o ¬β
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule modus tollens
σ(t) |=o ¬α
α →e,f,g,h βγ ∈ M
start ≤ t1 , t2 < end
t2 ≤ t0 < t2 + e
t0 < end
σ(t0 ) |=o ¬γ
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule delay modus tollens
σ(t) |=o ¬α
α →e,f,g,h βγ ∈ M
start ≤ t < end
t + 1 ≤ t0 < t + e + g
t0 < end
σ(t0 ) |=o ¬γ
rule alt modus tollens
σ(t) |=o α
The semantics of propositional formulae α, β and γ is defined as
follows:
if
if
if
if
if
if

σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d

a then atom a is true at time t
¬a then atom a is false at time t
¬α then not σ(t) |=d α
α ∧ β then σ(t) |=d α and σ(t) |=d β
α ∨ β then σ(t) |=d α or σ(t) |=d β
α ⇒ β then σ(t) |=d ¬α or σ(t) |=d β
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if σ(t) |=d α ⇔ β then σ(t) |=d α ⇒ β and σ(t) |=d β ⇒ α

Theorem 7.2.1 states that the denotational semantics of LEADSTO 2.0 are
equivalent to the operational semantics of LEADSTO 2.0. The proof of this
theorem uses Lemmata 7.2.1 and 7.2.2.

Lemma 7.2.1 (Operational semantics of propositional formulae in LEADSTO
2.0 is consistent with denotational semantics). For any propositional formula α
and any time point t: if σ(t) |=o α, then σ(t) |=d α.
Proof. case α is an atom a:
The operational semantics of an atom states that σ(t) |=o a ⇒ atom a is true
at time t.
The denotational semantics of an atom states that σ(t) |=d a ⇔ atom a is true
at time t.
So if σ(t)modelso a, then atom a is true at time t, and because atom a is true
at time t, σ(t) |=d a.
Therefore, if σ(t) |=o a, then σ(t) |=d a.
case α is of the form ¬a for some atom a:
The operational semantics of the negation of an atom states that σ(t) |=o ¬a ⇒
atom a is false at time t.
The denotational semantics of the negation of an atom states that σ(t) |=d ¬a ⇔
atom a is false at time t.
So if σ(t) |=o ¬a, then atom a is false at time t, and because atom a is false at
time t, σ(t) |=d ¬a.
Therefore, if σ(t) |=o ¬a, then σ(t) |=d ¬a.
case α is of the form ¬β for some propositional formula β:
Take as induction hypothesis that σ(t) |=o β ⇒ σ(t) |=d β.
The operational semantics of a negation states that
σ(t) |=o ¬β ⇒ not σ(t) |=o β.
The denotational semantics of a negation states that
σ(t) |=d ¬β ⇔ not σ(t) |=d β.
If σ(t) |=o β, then according to the induction hypothesis σ(t) |=d β, so if not
σ(t) |=o β then not σ(t) |=d β and according to the denotational semantics of a
negation, σ(t) |=d ¬β.
Therefore, if σ(t) |=o ¬β, then σ(t) |=d ¬β.
case α is of the form β ∧ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=o β ⇒ σ(t) |=d β and
σ(t) |=o γ ⇒ σ(t) |=d γ.
The operational semantics of a conjunction states that
σ(t) |=o β ∧ γ ⇒ σ(t) |=o β and σ(t) |=o γ.
The denotational semantics of a conjunction states that
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σ(t) |=d β ∧ γ ⇔ σ(t) |=d β and σ(t) |=d γ.
So if σ(t) |=o β and σ(t) |=o γ, then according to the induction hypothesis
σ(t) |=d β and σ(t) |=d γ and according to the denotational semantics of a
conjunction, σ(t) |=d β ∧ γ.
Therefore, if σ(t) |=o β ∧ γ, then σ(t) |=d β ∧ γ.
case α is of the form β ∨ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=o β ⇒ σ(t) |=d β and
σ(t) |=o γ ⇒ σ(t) |=d γ.
The operational semantics of a disjunction states that
σ(t) |=o β ∨ γ ⇒ σ(t) |=o β or σ(t) |=o γ.
The denotational semantics of a disjunction states that
σ(t) |=d β ∨ γ ⇔ σ(t) |=d β or σ(t) |=d γ.
So if σ(t) |=o β or σ(t) |=o γ, then according to the induction hypothesis
σ(t) |=d β or σ(t) |=d γ and according to the denotational semantics of a
disjunction, σ(t) |=d β ∨ γ.
Therefore, if σ(t) |=o β ∨ γ, then σ(t) |=d β ∨ γ.
case α is of the form β ⇒ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=o γ ⇒ σ(t) |=d γ.
The operational semantics of an implication states that
σ(t) |=o (β ⇒ γ) ⇒ σ(t) |=o ¬β or σ(t) |=o γ.
The denotational semantics of an implication states that
σ(t) |=d (β ⇒ γ) ⇔ σ(t) |=d ¬β or σ(t) |=d γ.
It was already proven that σ(t) |=o ¬β ⇒ σ(t) |=d ¬β.
So if σ(t) |=o ¬β or σ(t) |=o γ, then σ(t) |=d ¬β or (according to the induction
hypothesis) σ(t) |=d γ. So according to the denotational semantics of an
implication, σ(t) |=d β ⇒ γ.
Therefore, if σ(t) |=o (β ⇒ γ), then σ(t) |=d (β ⇒ γ).
case α is of the form β ⇔ γ for some propositional formulae β
and γ:
The operational semantics of a bi-implication states that
σ(t) |=o (β ⇔ γ) ⇒ σ(t) |=o β ⇒ γ and σ(t) |=o γ ⇒ β.
The denotational semantics of a bi-implication states that
σ(t) |=d (β ⇔ γ) ⇔ σ(t) |=d β ⇒ γ and σ(t) |=d γ ⇒ β.
It was already proven that σ(t) |=o (β ⇒ γ) ⇒ σ(t) |=d (β ⇒ γ) and
σ(t) |=o (γ ⇒ β) ⇒ σ(t) |=d (γ ⇒ β).
So if σ(t) |=o β ⇒ γ and σ(t) |=o γ ⇒ β, then σ(t) |=d β ⇒ γ and
σ(t) |=d γ ⇒ β. So according to the denotational semantics of a bi-implication,
σ(t) |=d β ⇔ γ.
Therefore, if σ(t) |=o (β ⇔ γ), then σ(t) |=d (β ⇔ γ).
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Lemma 7.2.2 (Denotational semantics of propositional formulae in LEADSTO
2.0 is consistent with operational semantics). For any propositional formula α
and any time point t: if σ(t) |=d α, then σ(t) |=o α.
Proof. case α is an atom a:
The denotational semantics of an atom states that σ(t) |=d a ⇔ atom a is true
at time t.
Assume that σ(t) |=d a, then atom a is true at time t.
Assume that σ(t) |=o ¬a, then according to the operational semantics atom
a would be false at time t. If atom a is false at time t, then according to the
denotational semantics, σ(t) |=d ¬a, resulting in a contradiction.
Therefore, if σ(t) |=d a, then σ(t) |=o a.
case α is of the form ¬a for some atom a:
The denotational semantics of an atom states that σ(t) |=d ¬a ⇔ atom a is
false at time t.
Assume that σ(t) |=d ¬a, then atom a is false at time t.
Assume that σ(t) |=o a, then according to the operational semantics atom a
would be true at time t. If atom a is true at time t, then according to the
denotational semantics, σ(t) |=d a, resulting in a contradiction.
Therefore, if σ(t) |=d ¬a, then σ(t) |=o ¬a.
case α is of the form ¬β for some propositional formula β:
Take as induction hypothesis that σ(t) |=d β ⇒ σ(t) |=o β.
The denotational semantics of a negation states that
σ(t) |=d ¬β ⇔ not σ(t) |=d β.
Assume that σ(t) |=d ¬β, then not σ(t) |=d β,
and due to the induction hypothesis, not σ(t) |=o β.
Assume that σ(t) |=o ¬β does not hold.
Then, according to the operational semantics of a negation, not (not σ(t) |=o β),
which is in contradiction with not σ(t) |=o β.
Therefore, if σ(t) |=d ¬β, then σ(t) |=o ¬β.
case α is of the form β ∧ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=d β ⇒ σ(t) |=o β and
σ(t) |=d γ ⇒ σ(t) |=o γ.
The denotational semantics of a conjunction states that
σ(t) |=d β ∧ γ ⇔ σ(t) |=d β and σ(t) |=d γ.
Assume that σ(t) |=d β ∧ γ, then σ(t) |=d β and σ(t) |=d γ,
and due to the induction hypothesis, σ(t) |=o β and σ(t) |=o γ.
Assume that σ(t) |=o β ∧ γ does not hold.
Then, according to the operational semantics of a conjunction not (σ(t) |=o β
and σ(t) |=o γ), which is in contradiction with σ(t) |=o β and σ(t) |=o γ.
Therefore, if σ(t) |=d β ∧ γ, then σ(t) |=o β ∧ γ.
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case α is of the form β ∨ γ for some propositional formulae β and γ:
Take as induction hypothesis that σ(t) |=d β ⇒ σ(t) |=o β and
σ(t) |=d γ ⇒ σ(t) |=o γ.
The denotational semantics of a disjunction states that
σ(t) |=d β ∨ γ ⇔ σ(t) |=d β or σ(t) |=d γ.
Assume that σ(t) |=d β ∨ γ, then σ(t) |=d β or σ(t) |=d γ,
and due to the induction hypothesis, σ(t) |=o β or σ(t) |=o γ.
Assume that σ(t) |=o β ∨ γ does not hold.
Then, according to the operational semantics of a disjunction not (σ(t) |=o β
or σ(t) |=o γ), which is in contradiction with σ(t) |=o β or σ(t) |=o γ.
Therefore, if σ(t) |=d β ∨ γ, then σ(t) |=o β ∨ γ.
case α is of the form β ⇒ γ for some propositional formulae β
and γ:
Take as induction hypothesis that σ(t) |=d γ ⇒ σ(t) |=o γ.
The denotational semantics of an implication states that
σ(t) |=d (β ⇒ γ) ⇔ σ(t) |=d ¬β or σ(t) |=d γ.
Assume that σ(t) |=d β ⇒ γ, then σ(t) |=d ¬β or σ(t) |=d γ,
and due to the induction hypothesis and the fact that it was already proven
that σ(t) |=d ¬β ⇒ σ(t) |=o ¬β, σ(t) |=o ¬β or σ(t) |=o γ. Assume that
σ(t) |=o β ⇒ γ does not hold.
Then, according to the operational semantics of an implication not (σ(t) |=o ¬β
or σ(t) |=o γ), which is in contradiction with σ(t) |=o ¬β or σ(t) |=o γ.
Therefore, if σ(t) |=d β ⇒ γ, then σ(t) |=o β ⇒ γ.
case α is of the form β ⇔ γ for some propositional formulae β
and γ:
The denotational semantics of a bi-implication states that
σ(t) |=d (β ⇔ γ) ⇔ σ(t) |=d β ⇒ γ and σ(t) |=d γ ⇒ β.
Assume that σ(t) |=d β ⇔ γ, then σ(t) |=d β ⇒ γ and σ(t) |=d γ ⇒ β, and
because it was already proven that (σ(t) |=d β ⇒ γ) ⇒ (σ(t) |=o β ⇒ γ),
σ(t) |=o β ⇒ γ and σ(t) |=o γ ⇒ β.
Assume that σ(t) |=o β ⇔ γ does not hold.
Then, according to the operational semantics of a bi-implication not
(σ(t) |=o β ⇒ γ and σ(t) |=o γ ⇒ β), which is in contradiction with
σ(t) |=o β ⇒ γ and σ(t) |=o γ ⇒ β.
Therefore, if σ(t) |=d β ⇔ γ, then σ(t) |=o β ⇔ γ.

Theorem 7.2.1 (Equality of denotational and operational semantics of
LEADSTO 2.0). The denotational semantics of LEADSTO 2.0 is equal to its
operational semantics.
Proof. The following needs to be proven:
1 If σ |=o M then σ |=d M
2 If σ |=d M then σ |=o M
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proof 1:
Assume σ |=o M .
To prove: σ |=d M .
σ |=d M ⇔
1a ∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)
1b ∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ
proof 1a:
The operational semantics states that for all time points t:
holds during interval(t1 , t2 , α) ∈ M ∧ t1 ≤ t < t2 ∧ start ≤ t < end ⇒
σ(t) |=o α.
Lemma 7.2.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any propositional formula
α.
So if σ |=o M , holds during interval(t1 , t2 , α) ∈ M , and start ≤ t < end,
then t1 ≤ t < t2 ⇒ σ(t) |=d α, which coincides with the denotational semantics
of a fact.
So if σ |=o M , then
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α).
proof 1b:
rule rule
The operational semantics states that for all time points t and t0 :
α →e,f,g,h βγ ∈ M ∧ σ(t) |=o α ∧ . . . ∧ σ(t + g − 1) |=o α ∧ t + g + e ≤ t0 <
t + g + e + h ∧ t ≥ start ∧ t0 < end ⇒ σ(t0 ) |=o β.
Lemma 7.2.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any propositional
formula α.
So if σ |=o M and α →e,f,g,h βγ ∈ M , then
(σ(t) |=d α ∧ . . . σ(t + g − 1) |=d α ∧ t + g + e ≤ t0 < t + g + e + h ∧ t ≥
start ∧ t0 < end) ⇒
σ(t0 ) |=d β.
Let t = t1 , then this can be rewritten to: (σ(t1 ) |=d α ∧ . . . σ(t2 − 1) |=d
α ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ t1 ≥ start ∧ t0 < end) ⇒
σ(t0 ) |=d β.
(t2 + e ≤ t0 ∧ t0 < end) ⇒ t2 < end, therefore the above can be rewritten to:
(σ(t1 ) |=d α ∧ . . . σ(t2 − 1) |=d α ∧ t2 − t1 = g ∧ t2 + e ≤ t0 < t2 + e + h ∧ start ≤
t1 ∧ t2 < end ∧ t0 < end) ⇒
σ(t0 ) |=d β.
(t2 − t1 = g ∧ t2 < end) ⇒ t1 < end, (t2 − t1 = g ∧ start ≤ t1 ) ⇒ start ≤ t2
and σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d α can be written as ∀t1 ≤t<t2 σ(t) |=d α, so
the above can be rewritten to:
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ∧
t2 + e ≤ t0 < t2 + e + h ∧ t0 < end) ⇒
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σ(t0 ) |=d β.
This holds for all such t0 , so we obtain:
If σ |=o M and α →e,f,g,h β ∈ M , then
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)).
rule rule delay
The operational semantics states that for all time points t and t0 :
(α →e,f,g,h βγ ∈ M ∧ σ(t) |=o α ∧ . . . ∧ σ(t + g − 1) |=o α ∧ t + g ≤ t0 <
t + g + e ∧ t ≥ start ∧ t0 < end) ⇒
σ(t0 ) |=o γ.
Lemma 7.2.1 states that σ(t) |=o α ⇒ σ(t) |=d α for any propositional
formula α.
So if σ |=o M and α →e,f,g,h βγ ∈ M , then
(σ(t) |=d α∧. . . σ(t+g −1) |=d α∧t+g ≤ t0 < t+g +e∧t ≥ start∧t0 < end) ⇒
σ(t0 ) |=d γ.
Let t = t1 , then this can be rewritten to:
(σ(t1 ) |=d α ∧ . . . σ(t2 − 1) |=d α ∧ t2 − t1 = g ∧ t2 ≤ t0 < t2 + e ∧ t1 ≥ start ∧ t0 <
end) ⇒
σ(t0 ) |=d γ.
(t2 ≤ t0 ∧ t0 < end) ⇒ t2 < end, therefore the above can be rewritten
to:
(σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d α ∧ t2 − t1 = g ∧ t2 ≤ t0 < t2 + e ∧ start ≤
t1 ∧ t2 < end ∧ t0 < end) ⇒
σ(t0 ) |=d γ.
(t2 − t1 = g ∧ t2 < end) ⇒ t1 < end, (t2 − t1 = g ∧ start ≤ t1 ) ⇒ start ≤ t2
and σ(t1 ) |=d α ∧ . . . ∧ σ(t2 − 1) |=d α can be written as ∀t1 ≤t<t2 σ(t) |=d α, so
the above can be rewritten to:
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ∧
t2 ≤ t0 < t2 + e ∧ t0 < end) ⇒
σ(t0 ) |=d γ.
This holds for all such t0 , so we obtain:
If σ |=o M and α →e,f,g,h βγ ∈ M , then
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
(∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ)).
So if σ |=o M and α →e,f,g,h βγ ∈ M , then
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β))
and
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
(∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ)).
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Therefore, if σ |=o M and α →e,f,g,h βγ ∈ M , then
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)).
rule rule alt
The operational semantics states that for all time points t and t0 :
(α →e,f,g,h βγ ∈ M ∧ σ(t) |=o ¬α ∧ t + 1 ≤ t0 < t + g + e ∧ start ≤ t <
end ∧ t0 < end) ⇒
σ(t0 ) |=o γ.
Lemma 7.2.1 states that σ(t) |=o ¬α ⇒ σ(t) |=d ¬α for any propositional formula α.
So if σ |=o M and α →e,f,g,h βγ ∈ M , then
(σ(t) |=d ¬α ∧ t + 1 ≤ t0 < t + g + e ∧ start ≤ t < end ∧ t0 < end) ⇒
σ(t0 ) |=d γ.
This can be rewritten to:
∀start≤t<end σ(t) |=d ¬α ⇒
∀t+1leqt0 <t+g+e,t0 <end σ(t0 ) |=d γ.
So we obtain that if σ |=o M and α →e,f,g,h βγ ∈ M , then
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)) ∧
(∀start≤t<end σ(t) |=d ¬α ⇒

∀t+1]leqt0 <t+g+e,t0 <end σ(t0 ) |=d γ) .
which coincides with the denotational semantics of a rule.
So if σ |=o M , then ∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ.
proof 2:
Assume σ |=d M .
To prove σ |=o M .
σ |=d M , so
2a ∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)
2b ∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ
case 2a:
For all holds during interval(t1 , t2 , α) ∈ facts:
∀start≤t<end t1 ≤ t < t2 ⇒ σ(t) |=d α.
To prove: ∀start≤t<end t1 ≤ t < t2 ⇒ σ(t) |=o α
Assume start ≤ t < end and t1 ≤ t < t2 , then according to rule fact
σ(t) |=o α.
case 2b:
For all α →e,f,g,h βγ ∈ rules:
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(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +d+h,t0 <end σ(t0 ) |=d β))) ∧
(∀start≤t<end σ(t) |=d ¬α ⇒
∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ)
Two cases can be distinguished:
(∀start≤t1 ,t2 <end (t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +d+h,t0 <end σ(t0 ) |=d β)))
(case 2b-1)
and
(∀start≤t<end σ(t) |=d ¬α ⇒
∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ)
(case 2b-2)

case 2b-1 :
Two cases can be distinguished:
case 2b-1a:
Assume start ≤ t1 , t2 < end ∧ t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=d α.
To prove:
(∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=o γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=o β).
According to Lemma 7.2.2, σ(t) |=d α ⇒ σ(t) |=o α, so
∀t1 ≤t<t2 σ(t) |=o α.
Let t1 = t, t2 = t + g
Then start ≤ t, t + g < end ∧ t + g − t = g ∧ ∀t≤t00 <t+g σ(t00 ) |=o α.
This implies t ≥ start ∧ σ(t) |=o α ∧ . . . ∧ σ(t + g − 1) |=o α.
According to the rule rule delay, then for t + g ≤ t0 < t + g + e, t0 < end,
σ(t0 ) |=o γ holds.
According to the rule rule, for t + g + e ≤ t0 < t + g + e + h, t0 < end,
σ(t0 ) |=o β holds.
So (∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=o γ) ∧ (∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=o β).
case 2b-1b:
Assume start ≤ t1 , t2 < end ∧ ¬((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=d β)).
To prove:
¬(t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=o α).
According to Lemma 7.2.2: σ(t) |=d α ⇒ σ(t) |=o α, so
¬((∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=o γ) ∧ (∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=o β))
=
¬(∀t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=o γ) ∨ ¬(∀t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=o β)
=
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(∃t2 ≤t0 <t2 +e,t0 <end ¬(σ(t0 ) |=o γ)) ∨ (∃t2 +e≤t0 <t2 +e+h,t0 <end ¬(σ(t0 ) |=o β))
=
(∃t2 ≤t0 <t2 +e,t0 <end σ(t0 ) |=o ¬γ) ∨ (∃t2 +e≤t0 <t2 +e+h,t0 <end σ(t0 ) |=o ¬β)
So either there is a t0 such that start ≤ t1 , t2 < end ∧ t2 ≤ t0 <
t2 + e ∧ t0 < end ∧ σ(t0 ) |=o ¬γ,
then if t2 − t1 = g and σ(t1 ) |=o α . . . σ(t − 1) |=o α and
σ(t + 1) |=o α . . . σ(t2 − 1) |=o α,
then according to rule rule delay modus tollens, σ(t) |=o ¬α.
So t2 − t1 = g ⇒ ∃t1 ≤t<t2 σ(t) |=o ¬α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 σ(t) |=o ¬α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 ¬(σ(t) |=o α)
=
¬(t2 − t1 = g) ∨ ¬∀t1 ≤t<t2 σ(t) |=o α
=
¬(t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=o α)
Or there is a t0 such that start ≤ t1 , t2 < end∧t2 +e ≤ t0 < t2 +e+h∧t0 <
end ∧ σ(t0 ) |=o ¬β,
then if t2 − t1 = g and σ(t1 ) |=o α . . . σ(t − 1) |=o α and
σ(t + 1) |=o α . . . σ(t2 − 1) |=o α,
then according to rule rule modus tollens, σ(t) |=o ¬α.
So t2 − t1 = g ⇒ ∃t1 ≤t<t2 σ(t) |=o ¬α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 σ(t) |=o ¬α
=
¬(t2 − t1 = g) ∨ ∃t1 ≤t<t2 ¬(σ(t) |=o α)
=
¬(t2 − t1 = g) ∨ ¬∀t1 ≤t<t2 σ(t) |=o α
=
¬(t2 − t1 = g ∧ ∀t1 ≤t<t2 σ(t) |=o α)

case 2b-2 :
Two cases can be distinguished:
case 2b-2a:
Assume start ≤ t < end ∧ σ(t) |=d ¬α.
To prove: ∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=o γ.
According to Lemma 7.2.2: σ(t) |=d ¬α ⇒ σ(t) |=o ¬α.
According to rule rule alt: for all t0 , if σ(t) |=o ¬α ∧ t + 1 ≤ t0 <
t + g + e ∧ t0 < end then σ(t0 ) |=o γ,
So ∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=o γ
case 2b-2b:
Assume start ≤ t < end ∧ ¬∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=d γ
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To prove: ¬(σ(t) |=o α) = (σ(t) |=o α)
According to Lemma 7.2.2: σ(t) |=d α ⇒ σ(t) |=o α, so
¬∀t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=o γ
=
∃t+1≤t0 <t+g+e,t0 <end ¬(σ(t0 ) |=o γ)
=
∃t+1≤t0 <t+g+e,t0 <end σ(t0 ) |=o ¬γ
Then according to rule rule alt modus tollens, σ(t) |=o α.

So the operational semantics of LEADSTO 2.0 is equivalent to its denotational
semantics.

7.3

Simulations in LEADSTO 2.0

As stated in Theorem 7.2.1, the operational and denotational semantics of
LEADSTO 2.0 now allow the same set of traces. However, due to the loss
of the closed world assumption, these traces are not generated by the operational semantics. Furthermore, Definition 7.2.5 states the operational semantics
of propositional formulae, but direct implementation of these semantics is not
possible. Because LEADSTO 2.0 needs to allow the use of all propositional
formulae, including formulae using the or connective, no rules can be formed
that implement the semantics of σ(t) |=o α for any propositional formula α.
Therefore, in order to implement a tool that runs simulations, simple implementation of the rules does not suffice. A procedure is needed that generates
all traces that are allowed while executing the rules.
Binary Decision Diagrams (BDD’s) provide a procedure to generate all instantiations that satisfy a propositional formula. A Binary Decision Diagram
is a tree in which the nodes are labelled by boolean variables and the edges
indicate whether on the path that contains this edge, the variable is considered
to be true or false. The leaves of the tree are labelled by values true or false.
Paths that lead to a true leaf indicate instantiations of variables that satisfy the
formula, while paths that lead to a false leaf indicate instantiations that do not
satisfy the formula.

Definition 7.3.1 (Binary Decision Diagram). A Binary Decision Diagram
(BDD) of a propositional formula is a tree in which the nodes are labelled by
the boolean variables in the formula and every node has two outgoing edges:
one indicating a path on which the variable’s value is considered to be true
and one indicating a path on which the variable’s value is considered to be
false. The leaves of the tree are labelled true or false, indicating whether the
valuations chosen on a certain path result in satisfaction of the formula or
not.
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An example of a Binary Decision Diagram for the formula (p ∨ q) ∧ r is provided
in Figure 7.3.

Figure 7.3: An example of a Binary Decision Diagram for (p ∨ q) ∧ r.

For a propositional formula, there exist multiple Binary Decision Diagrams. In
the example of Figure 7.3, variable p was chosen at the root, its children are
labelled q and q’s children are labelled r. However, trees can also be formed
for the same formula using for example q as a root, p as its children and r as
p’s chilren, or using r as a root, p as its children and q as p’s children, etc. A
unique representation can be obtained by posing an order on the variables in the
formula. For example, the ordering p < q < r indicates that p should be at the
root of the tree, p’s children are labelled q and q’s children are labelled r. This
is called an Ordered Binary Decision Diagram (OBDD). OBDD’s are preferred
over BDD’s because of their unique representation: it makes implementation of
the algorithm deterministic.

Definition 7.3.2 (Ordered Binary Decision Diagram). An Ordered Binary
Decision Diagram (OBDD) is a Binary Decision Diagram in which the
variables are ordered. The order of the variables indicates its location in
the tree. For an order p < q, p is the root of the (sub)tree and has direct
children labelled q.

An example of an Ordered Binary Decision Diagram for the formula (p ∨ q) ∧ r
with ordering r < p < q is provided in Figure 7.4.
OBDD’s can become very large. Their space complexity can be reduced greatly
through so called merging. Merging means that for each two subtrees that are
equivalent, one of them is removed and its parents refer to the remaining subtree.
When no more merging is possible, the resulting tree is called a Reduced Ordered
Binary Decision Diagram.
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Figure 7.4: An example of an Ordered Binary Decision Diagram for (p ∨ q) ∧ r with
order r < p < q.

Definition 7.3.3 (Reduced Ordered Binary Decision Diagram). A Reduced
Ordered Binary Decision Diagram (ROBDD) is an OBDD in which no
equivalent subtrees occur.

An example of an ROBDD for the formula (p ∨ q) ∧ r with ordering r < p < q
is provided in Figure 7.7. This tree is obtained from the tree in Figure 7.4 by
first replacing all true leaves with one true leaf and redirecting all edges that
ended in a leaf that was labelled true to this particular leaf. Then, in a similar
fashion, all false leaves are replaced by one false leaf. This results in the tree
depicted in Figure 7.5. In a similar manner, the tree depicted in Figure 7.6 was
obtained from the tree depicted in Figure 7.5 by removing subtrees with root q
and equivalent leaves. Finally, the ROBDD for (p ∨ q) ∧ r with order r < p < q,
depicted in Figure 7.7 was obtained from the tree depicted in Figure 7.6 by
removing the subtree with root p and equivalent leaves.
We extended this procedure of creating ROBDD’s to generate all satisfying assignments of a propositional formula for the purpose of generating all traces
that are allowed while executing the rules of LEADSTO 2.0. A trace is a mapping from tuples of time units and atoms to truth values (see Definition 5.2.6).
ROBDD’s provide a mapping of variables to truth values. So ROBDD’s need
to be extended with a notion of time. Since LEADSTO 2.0 uses a discrete notion of time with a start time and an end time, for each time unit, a decision
tree can be generated. Such a decision tree corresponding to a certain time
unit t can not be constructed in isolation. The rules rule, rule delay, rule
alt, rule modus tollens, rule delay modus tollens and rule alt modus
tollens dictate that in order to construct the decision diagram at time t, diagrams at time intervals preceding t and at time intervals succeeding t need to
be taken into account. Therefore, we extend the edges of the decision diagrams
with the possibility of labelling them with conditions at time points preceding
or succeeding t. Such a labelled decision diagram will be termed a Conditioned
Reduced Ordered Binary Decision Diagram, or CROBDD (see Definition 7.3.4).
The set of CROBDD’s for all time points t such that start ≤ t < end will be
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Figure 7.5: The Ordered Binary Decision Diagram of Figure 7.4 with equivalent subtrees consisting of a leaf labelled true replaced by one leaf labelled true and equivalent
subtrees consisting of a leaf labelled false replaced by one leaf labelled false.

Figure 7.6: The tree of Figure 7.5 with subtrees with root q and equivalent leaves
removed.

termed a Timed Reduced Ordered Binary Decision Diagram, or TROBDD (see
Definition 7.3.5).

Definition 7.3.4 (Conditioned Reduced Ordered Binary Decision
Diagram). A Conditioned Reduced Ordered Binary Decision Diagram
(CROBDD) is an ROBDD with edges that can be labelled with conditions
occurring outside of the scope of the CROBDD.
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Figure 7.7: The tree of Figure 7.6 with subtree with root p and equivalent leaves
removed. This is the ROBDD for (p ∨ q) ∧ r with order r < p < q.

Definition 7.3.5 (Timed Reduced Ordered Binary Decision Diagram).
A Timed Reduced Ordered Binary Decision Diagram (TROBDD) of a
LEADSTO 2.0 model is a set of CROBDD’s for each time unit t such
that start ≤ t < end. The edges of the CROBDD’s can be labelled with
conditions occurring at time points preceding or succeeding time point t.

We constructed an algorithm to create a TROBDD for a LEADSTO 2.0 model,
M = (start, end, facts, rules).

Algorithm TROBDD((start, end, facts, rules)) =
Extract the set of possible atoms from the set of facts and rules
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = start to end − 1 do
trees[t] = nil
for t = start to end − 1 do
CROBDD(trees,t,ord,facts,rules)
return trees
The CROBDD algorithm uses notation α ⊂l T , which denotes that there exists
a path in tree T ending in a true leave such that α holds, and this path contains
the set of labels l.
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Algorithm CROBDD(trees,t,ord,facts,rules) =
f = true

for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f = f ∧ α {fact}

for each α →e,f,g,h βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂lg−1 trees[t0 +g −1]∧t0 +g +e ≤ t < t0 +g +e+h
then
f = f ∧ βl1 ∪...∪lg−1 {rule}

if α ⊂l1 trees[t0 ] . . . α ⊂lg−1 trees[t0 + g − 1] ∧ t0 + g ≤ t < t0 + g + e
then
f = f ∧ γl1 ∪...∪lg−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + g + e then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ start ≤ t1 , t2 < end ∧ t2 + e ≤ t < t2 + e + h ∧ t2 − t1 =

g ∧ α ⊂l1 trees[t1 ] ∧ . . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧
α ⊂lt2 −2 trees[t2 − 1] then
f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t]∧start ≤ t1 , t2 < end∧t2 ≤ t < t2 +e∧t2 −t1 = g∧α ⊂l1
trees[t1 ] ∧ . . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2
trees[t2 − 1] then
f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus tollens}
if start ≤ t0 < end ∧ t0 + 1 ≤ t < t0 + e + g ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)

The algorithm LROBDD constructs an ROBDD for a propositional formula and
labels each edge with the label attached to the propositional formula. In the
resulting CROBDD, each node has two outgoing edges; a true edge and a false
edge. However, in the CROBDD that results from merging the already existing
CROBDD and the newly created CROBDD, edges can have more than two outgoing edges. This is represented as follows:
p(truelabel1 , truelabel2 , . . . , falselabel1 , falselabel2 , . . .)

Algorithm LROBDD(αl ∧ f ,ltree) =
ltree’ = Using the order of atoms ord, compute the ROBDD of α and
add label l to every edge.
ltree’’ = Merge(ltree, ltree’)
LROBDD(f , ltree’’)

Thus, a complete method is provided for the generation of simulation results in
LEADSTO 2.0. The TROBDD algorithm can be used to construct a tool that
implements the operational semantics of LEADSTO 2.0. An example of the
simulation results generated by the TROBDD algorithm is provided in Section
7.4.
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7.4

Example model

Consider the following example of a LEADSTO 2.0 model in which observation
of a world state leads to formation of a sensor state, formation of a sensor state
leads to the formation of a sensory representation and formation of a sensory
representation leads to a response. In this model, a sensory representation of a
cup may also be formed in the absence of a world state and sensor state: the
cup can be imagined. A response takes place after a delay of one time step.
M = (0, 4, facts, rules)
where
facts =
{holds during interval(¬world state(cup), 0, 1),
holds during interval(world state(cup), 1, 2),
holds during interval(¬world state(cup), 2, 4),
holds during interval(¬sensor state(cup), 0, 1),
holds during interval(¬srs(cup), 0, 1),
holds during interval(¬response(pick up), 0, 1)}
rules =
{world state(cup) →0,0,1,1 sensor state(cup)¬sensor state(cup),
sensor state(cup) →0,0,1,1 srs(cup)(srs(cup) ∨ ¬srs(cup)),
srs(cup) →1,1,1,1 response(pick up)¬response(pick up)}
With this model, the TROBDD consisting of the CROBDD’s depicted in Figures 7.8, 7.9, 7.10 and 7.11 is obtained. At time t = 3, labels need to be
added, because response(pick up) can be true or false dependent on the value
of srs(cup) at time t = 1.

Figure 7.8: CROBDD for the example model at time 0.
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Figure 7.9: CROBDD for the example model at time 1.

Figure 7.10: CROBDD for the example model at time 2.

106

Figure 7.11: CROBDD for the example model at time 3.

7.5

Presentation of simulation results

The TROBDD algorithm, which can be used to implement the operational semantics of LEADSTO 2.0, may return multiple traces. The trees returned by
the TROBDD algorithm are not directly readable as time-lines. In order for the
simulation results to be presented in an easily interpretable manner, they need
to be visualised in a different way. The visualisation provided by the LEADSTO
simulation tool is very easily interpretable. It is possible to present every generated trace in this manner. However, for the simple example model provided
in Section 7.4, this would already result in four different traces (see Figure 7.12).
Using a specification language, properties can be expressed that can be verified over a simulation trace, without directly inspecting the simulation trace.
However, this approach of inspecting simulation results without visualising the
trace greatly diminishes insight into the behaviour of a model and it introduces
a risk that certain unexpected properties of a trace may go unnoticed. Future research needs to investigate whether direct visualisation of a set of traces
in an easily interpretable manner is possible and to what extent the use of a
specification language may aid in inspecting simulation results.
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Figure 7.12: The four simulation traces generated by the TROBDD algorithm for the
example model provided in Section 7.4.
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Chapter 8

Syntactical adaptations
Chapter abstract
Chapter 6 lists some necessary syntactical adaptations for
the LEADSTO language. LEADSTO 2.0 is adapted to fit
the requirements by removing the start and end time from a
model, replacing the two delay parameters of a rule by one,
deterministic, delay parameter, inclusion of an ontology and
a method for initialisation, separation of internal from external states and parameterisation of models. Removal of the
start and end time requires adaptation of the TROBDD algorithm. Simulation results can not be presented all at once
anymore, they need to be presented in a stepwise manner.
Inclusion of an initialisation method through the syntax of
an ontology requires adding initialisation to the semantics
and parameterisation of models requires adding input states
to the semantics.

8.1

Removal of start and end time

The start and end time are removed from the syntax and semantics of LEADSTO
2.0, resulting in the language LEADSTO 2.1.

Definition 8.1.1 (LEADSTO 2.1 model). A model M in LEADSTO 2.1
is defined as follows:
M =(facts, rules)
where
facts a set of LEADSTO 2.1 facts and
rules a set of LEADSTO 2.1 rules.

The syntax of LEADSTO 2.0 facts and LEADSTO 2.0 rules does not need to
be adapted, so the syntax of LEADSTO 2.1 facts is equal to the syntax of
109

LEADSTO 2.0 facts and the syntax of LEADSTO 2.1 rules is equal to the syntax of LEADSTO 2.0 rules.
The start and end time need to be removed from the denotational semantics of
facts and rules.
The denotational semantics of LEADSTO 2.1 is provided by Definition 8.1.2.

Definition 8.1.2 (Denotational semantics of LEADSTO 2.1). The denotational semantics of LEADSTO 2.1 is defined as follows:
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→e,f,g,h βγ∈rules σ |=d α →e,f,g,h βγ

where
σ |=d holds during interval(t1 , t2 , α) ⇔ ∀t t1 ≤ t < t2 ⇒ σ(t) |=d α
and
σ |=d α →e,f,g,h βγ ⇔
(∀t1 ,t2
(t2 − t1 = g ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +e σ(t0 ) |=d γ) ∧
(∀t2 +e≤t0 <t2 +e+h σ(t0 ) |=d β)))∧
(∀t σ(t) |=d ¬α ⇒

∀t+1≤t0 <t+g+e σ(t0 ) |=d γ)

The start and end time also need to be removed from the operational semantics,
resulting in the operational semantics provided in Definition 8.1.3
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Definition 8.1.3 (Operational semantics of LEADSTO 2.1). The operational semantics of LEADSTO 2.1 consists of the following derivation rules:
holds during interval(t1 , t2 , α) ∈ M
σ(t) |=o α

t1 ≤ t < t2

fact

α →e,f,g,h βγ ∈ M
σ(t) |=o α
...
σ(t + g − 1) |=o α
t + g + e ≤ t0 < t + g + e + h
rule
σ(t0 ) |=o β
α →e,f,g,h βγ ∈ M

α →e,f,g,h βγ ∈ M

σ(t) |=o α
...
t + g ≤ t0 < t + g + e
σ(t0 ) |=o γ
σ(t) |=o ¬α
σ(t0 ) |=o γ

σ(t + g − 1) |=o α

t + 1 ≤ t0 < t + g + e

rule delay

rule alt

α →e,f,g,h βγ ∈ M
t2 + e ≤ t0 < t2 + e + h
0
σ(t ) |=o ¬β
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule modus tollens
σ(t) |=o ¬α
α →e,f,g,h βγ ∈ M
t2 ≤ t0 < t2 + e
0
σ(t ) |=o ¬γ
t2 − t1 = g
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule delay modus tollens
σ(t) |=o ¬α
α →e,f,g,h βγ ∈ M
t + 1 ≤ t0 < t + e + g
0
σ(t ) |=o ¬γ
rule alt modus tollens
σ(t) |=o α

Because restrictions of the form start ≤ t < end are removed from the operational as well as from the denotational semantics, the operational semantics is
still equivalent to the denotational semantics.
The TROBDD algorithm needs to be adjusted to account for the removal of
start and end time. Simulation results can not be presented all at once as was
the case for LEADSTO and LEADSTO 2.0. They need to be presented in a
stepwise manner. From derivation rule rule modus tollens it can be derived
that a newly derived tree at time t can influence trees of at most max(e + g + h)
time steps in the past. Therefore, during the construction of the tree for time
t, the tree for time t − max(e + g + h) can be presented to the user.
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Algorithm TROBDD((facts, rules)) =
Extract the set of possible atoms from the set of facts and rules
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = 0 to ∞ do
trees[t] = nil
CROBDD(trees,t,ord,facts,rules)
if t − max(e + g + h) ≥ 0 then
Present trees[t − max(e + g + h)]

Algorithm CROBDD(trees,t, ord,facts, rules) =
f = true

for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f = f ∧ α {fact}

for each α →e,f,g,h βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂lg−1 trees[t0 +g −1]∧t0 +g +e ≤ t < t0 +g +e+h
then
f = f ∧ βl1 ∪...∪lg−1 {rule}

if α ⊂l1 trees[t0 ] . . . α ⊂lg−1 trees[t0 + g − 1] ∧ t0 + g ≤ t < t0 + g + e
then
f = f ∧ γl1 ∪...∪lg−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + g + e then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ t2 + e ≤ t < t2 + e + h ∧ t2 − t1 = g ∧ α ⊂l1 trees[t1 ] ∧
. . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t] ∧ t2 ≤ t < t2 + e ∧ t2 − t1 = g ∧ α ⊂l1 trees[t1 ] ∧ . . . ∧
α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus tollens}
if t0 + 1 ≤ t < t0 + e + g ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)

8.2

A single delay parameter

The delay parameters e and f in the syntax of a LEADSTO 2.1 rule are replaced
with one deterministic delay parameter, resulting in the language LEADSTO
2.2.
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Definition 8.2.1 (LEADSTO 2.2 model). A model M in LEADSTO 2.2
is defined as follows:
M =(facts, rules)
where
facts a set of LEADSTO 2.2 facts and
rules a set of LEADSTO 2.2 rules.

The syntax of LEADSTO 2.1 facts does not need to be adapted, so the syntax
of LEADSTO 2.2 facts is equal to the syntax of LEADSTO 2.1 facts. The
syntax of LEADSTO 2.1 rules does need to be adapted: the delay parameters
e and f need to be replaced by a single delay parameter. In replacing the
parameters e and f , the choice was made to also rename parameters g and h.
In the syntax of a LEADSTO 2.2 rule, d, a, and c are the parameters specifying
the timing of the rule: d specifies the delay between antecedent and consequent,
a specifies the required duration of the antecedent and c specifies the duration
of the consequent. The syntax of a LEADSTO 2.2 rule is provided by Definition
8.2.2.

Definition 8.2.2 (LEADSTO 2.2 rule). A LEADSTO 2.2 rule is a statement of the form α →d,a,c βγ where α, β and γ are propositional formulae
over the atoms in the ontology, d, a, c ∈ N. α is called the antecedent of a
rule, β is called the consequent of a rule and γ is called the alternative
consequent of a rule.
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The denotational semantics of LEADSTO 2.2 is defined in Definition 8.2.3.

Definition 8.2.3 (Denotational semantics of LEADSTO 2.2). The
denotational semantics of LEADSTO 2.2 is defined as follows:
σ |=d M ⇔
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→d,a,c βγ∈rules σ |=d α →d,a,c βγ

where
σ |=d holds during interval(t1 , t2 , α) ⇔ ∀t t1 ≤ t < t2 ⇒ σ(t) |=d α
and
σ |=d α →d,a,c βγ ⇔
(∀t1 ,t2
(t2 − t1 = a ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +d σ(t0 ) |=d γ) ∧
(∀t2 +d≤t0 <t2 +d+c σ(t0 ) |=d β)))∧
(∀t σ(t) |=d ¬α ⇒

∀t+1≤t0 <t+a+d σ(t0 ) |=d γ)
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The operational semantics of LEADSTO 2.2 is provided by Definition 8.2.4.

Definition 8.2.4 (Operational semantics of LEADSTO 2.2). The operational semantics of LEADSTO 2.2 consists of the following rules:
holds during interval(t1 , t2 , α) ∈ M
σ(t) |=o α

t1 ≤ t < t2

fact

α →d,a,c βγ ∈ M
σ(t) |=o α
...
σ(t + a − 1) |=o α
t + a + d ≤ t0 < t + a + d + c
rule
σ(t0 ) |=o β
α →d,a,c βγ ∈ M

α →d,a,c βγ ∈ M

σ(t) |=o α
...
t + a ≤ t0 < t + a + d
σ(t0 ) |=o γ

σ(t + a − 1) |=o α

t + 1 ≤ t0 < t + a + d

σ(t) |=o ¬α
σ(t0 ) |=o γ

rule delay

rule alt

α →d,a,c βγ ∈ M
t2 + d ≤ t0 < t2 + d + c
0
σ(t ) |=o ¬β
t2 − t1 = a
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule modus tollens
σ(t) |=o ¬α
α →d,a,c βγ ∈ M
t2 ≤ t0 < t2 + d
0
σ(t ) |=o ¬γ
t2 − t1 = a
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule delay modus tollens
σ(t) |=o ¬α
α →d,a,c βγ ∈ M
t + 1 ≤ t0 < t + d + a
0
σ(t ) |=o ¬γ
rule alt modus tollens
σ(t) |=o α

The operational and denotational semantics are still equivalent, since the restriction e = f was already posed on the delay in the construction of the semantics
of LEADSTO in Chapter 5.
Some notation needs to be adapted in the TROBDD algorithm.
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Algorithm TROBDD((facts, rules)) =
Extract the set of possible atoms from the set of facts and rules
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = 0 to ∞ do
trees[t] = nil
CROBDD(trees,t,ord,facts,rules)
if t − max(d + a + c) ≥ 0 then
Present trees[t − max(d + a + c)]

Algorithm CROBDD(trees,t, ord,facts, rules) =
f = true

for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f = f ∧ α {fact}

for each α →d,a,c βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 +a−1]∧t0 +a+d ≤ t < t0 +a+d+c
then
f = f ∧ βl1 ∪...∪la−1 {rule}

if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 + a − 1] ∧ t0 + a ≤ t < t0 + a + d
then
f = f ∧ γl1 ∪...∪la−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + a + d then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ t2 + d ≤ t < t2 + d + c ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧

. . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t] ∧ t2 ≤ t < t2 + d ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧ . . . ∧
α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus tollens}
if t0 + 1 ≤ t < t0 + d + a ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)

8.3

An ontology

According to Definition 1.2.5 an ontology is a set of state predicates and sorts.
A state predicate is an n-ary predicate referring to a hypothesized mental state
(Definition 1.2.4). A sort is a set of symbols or names that refer to objects or
entities that are assumed to exist (Definition 1.2.3).
Using the idea of declaration of variables from generic languages (see Table
6.1), a sort can be declared as follows:
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sortname = {object1 , object2 , . . .}
Using the idea of classes from generic languages (see Table 6.1), a state predicate can now be declared as follows:
predicatename =
argument1 : sort1
argument2 : sort2
...
Declaration of variables is often used to ensure their initialisation. This is something that can be easily included into the syntax described above. It will help
prevent underspecification. Adding initialisation to the ontology can be done
as follows:
predicatename(init) =
argument1 : sort1
argument2 : sort2
...
where init is a boolean value. An ontology can now be added to the syntax of a
LEADSTO 2.3 model. The syntax of a LEADSTO 2.3 ontology is described in
Definition 8.3.1. The syntax of a LEADSTO 2.3 model is provided in Definition
8.3.2

Definition 8.3.1 (LEADSTO 2.3 ontology). A LEADSTO 2.3 ontology
is a statement of the form:
({sortname1 , sortname2 , . . .}, {predicatename1 , predicatename2 , . . .})
sortname1 = {object1,1 , object1,2 , . . .}
sortname2 = {object2,1 , object2,2 , . . .}
...
predicatename1 (init1 ) =
argument1,1 : sort1,1
argument1,2 : sort1,2
...
predicatename2 (init2 ) =
argument2,1 : sort2,1
argument2,2 : sort2,2
...
...
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Definition 8.3.2 (LEADSTO 2.3 model). A model M in LEADSTO 2.3
is defined as follows:
M =(ontology, facts, rules)
where
ontology a LEADSTO 2.3 ontology and
facts a set of LEADSTO 2.3 facts and
rules a set of LEADSTO 2.3 rules.

The syntax of LEADSTO 2.2 facts and LEADSTO 2.2 rules does not need to
be adapted, so the syntax of LEADSTO 2.3 facts is equal to the syntax of
LEADSTO 2.2 facts and the syntax of LEADSTO 2.3 rules is equal to the syntax of LEADSTO 2.2 rules.
Initialisation needs to be included into the semantics of a LEADSTO 2.3 model.
σ |=d M ⇔
∀predicatename(init)∈ontology σ |=d predicatename(init)∧
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→d,a,c βγ∈rules σ |=d α →d,a,c βγ

where
σ |=d predicatename(init) ⇔
∀argument1 :sort1 ∈predicatename,argument2 :sort2 ∈predicatename,...,argumentn :sortn ∈predicatename
∀object1 ∈sort1 ,object2 ∈sort2 ,...,objectn ∈sortn
σ(0) |=d predicatename(object1 , object2 , . . . objectn ) = init
The semantics of facts and rules remains unchanged.
Operational semantics needs to include a rule for initialisation:
predicatename(init) ∈ M
argument1 : sort1 ∈ predicatename
...
argumentn : sortn ∈ predicatename
object1 ∈ sort1
...
objectn ∈ sortn
init
σ(0) |=o predicatename(object1 , . . . , objectn ) = init
The denotational and operational semantics are still equivalent, because σ |=d
predicatename(init) ⇔ σ |=o predicatename(init). Proof is trivial.
The TROBDD algorithm needs to be adapted to include initialisation.

118

Algorithm TROBDD((ontology, facts, rules)) =
Extract the set of possible atoms from the ontology
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = 0 to ∞ do
trees[t] = nil
CROBDD(trees,t,ord,ontology,facts,rules)
if t − max(d + a + c) ≥ 0 then
Present trees[t − max(d + a + c)]

Algorithm CROBDD(trees,t, ord,ontology,facts, rules) =
f = true
if t = 0 then
for each predicatename(init) ∈ ontology do
if argument1 : sort1 ∈ predicatename ∧ . . . ∧ argumentn : sortn ∈
predicatename ∧ object1 ∈ sort1 ∧ . . . ∧ objectn ∈ sortn then
if init=true then f = f ∧ predicatename(object1 , . . . , objectn )
if init=false then f = f ∧¬predicatename(object1 , . . . , objectn )
{init}
for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f =f ∧α
for each α →d,a,c βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 +a−1]∧t0 +a+d ≤ t < t0 +a+d+c

then

f = f ∧ βl1 ∪...∪la−1 {rule}

if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 + a − 1] ∧ t0 + a ≤ t < t0 + a + d
then
f = f ∧ γl1 ∪...∪la−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + a + d then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ t2 + d ≤ t < t2 + d + c ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧

. . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t] ∧ t2 ≤ t < t2 + d ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧ . . . ∧
α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus tollens}
if t0 + 1 ≤ t < t0 + d + a ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)
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8.4

Separation of internal from external states

Separating internal from external states can be done by splitting the ontology
into two parts. Here, the notion of classes can conveniently be reused (see Table
6.1). Two main classes can be constructed for the internal and external part of
the agent. Predicates in the ontology can either be attributes of the main class
of internal states or of the main class of external states.

Definition 8.4.1 (LEADSTO 2.4 ontology). A LEADSTO 2.4 ontology
is a statement of the form:
({sortname1 , sortname2 , . . .}, internal, external)
where
sortname1 = {object1,1 , object1,2 , . . .}
sortname2 = {object2,1 , object2,2 , . . .}
...
and
internal = {predicatename-int1 , predicatename-int2 , . . .}
external = {predicatename-ext1 , predicatename-ext2 , . . .}
predicatename-int1 (init-int1 ) =
argument-int1,1 : sort1,1
argument-int1,2 : sort1,2
...
predicatename-int2 (init-int2 ) =
argument-int2,1 : sort2,1
argument-int2,2 : sort2,2
...
...
predicatename-ext1 (init-ext1 ) =
argument-extn+1,1 : sortn+1,1
argument-extn+1,2 : sortn+1,2
...
predicatename-ext2 (init-ext2 ) =
argument-extn+2,1 : sortn+2,1
argument-extn+2,2 : sortn+2,2
...
...
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Definition 8.4.2 (LEADSTO 2.4 model). A model M in LEADSTO 2.4
is defined as follows:
M =(ontology, facts, rules)
where
ontology a LEADSTO 2.4 ontology and
facts a set of LEADSTO 2.4 facts and
rules a set of LEADSTO 2.4 rules.

The syntax of LEADSTO 2.3 facts and LEADSTO 2.3 rules does not need
to be adapted, so the syntax of LEADSTO 2.4 facts is equal to the syntax
of LEADSTO 2.3 facts and the syntax of LEADSTO 2.4 rules is equal to the
syntax of LEADSTO 2.3 rules. No changes to the semantics are necessary, so the
semantics of a LEADSTO 2.4 model are equal to the semantics of a LEADSTO
2.3 model. Therefore, there is also no need to adapt the TROBDD algorithm.

8.5

Parameterisation of models

In order to parameterise models, it needs to be defined what type of parameters
are allowed. This is specified in Definition 8.5.1.

Definition 8.5.1 (LEADSTO 2.5 input state). A LEADSTO 2.5 input
state is a statement of the form:
input(a, t1 , t2 )
Where a is an atom and t1 and t2 are time points such that t2 > t1 and
t1 , t2 > 0.

Informally, input(a, t1 , t2 ) means that input state a is present from time t1 up
to time t2 .

Definition 8.5.2 (LEADSTO 2.5 model). A model M in LEADSTO 2.5
is defined as follows:
M (input) =(ontology, facts, rules)
where
input a set
ontology a
facts a set
rules a set

of LEADSTO 2.5 input states and
LEADSTO 2.5 ontology and
of LEADSTO 2.5 facts and
of LEADSTO 2.5 rules.
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The syntax of a LEADSTO 2.4 ontology, LEADSTO 2.4 facts and LEADSTO
2.4 rules does not need to be adapted, so the syntax of a LEADSTO 2.5 ontology
is equal to the syntax of a LEADSTO 2.4 ontology, the syntax of LEADSTO 2.5
facts is equal to the syntax of LEADSTO 2.4 facts and the syntax of LEADSTO
2.5 rules is equal to the syntax of LEADSTO 2.4 rules.
The semantics needs to include input states. The denotational semantics of
LEADSTO 2.5 is extended with a semantics of input states, as described below.
σ |=d M ⇔
∀input(a,t1 ,t2 )∈input σ |=d input(a, t1 , t2 )∧
∀predicatename(init)∈ontology σ |=d predicatename(init)∧
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→d,a,c βγ∈rules σ |=d α →d,a,c βγ

where
σ |=d input(a, t1 , t2 ) ⇔ ∀t1 ≤t<t2 σ(t) |=d a
And the operational semantics needs to include a rule for input states.
input(a, t1 , t2 ) ∈ input
σ(t) |=o a

t1 ≤ t < t2

input

The denotational and operational semantics are still equivalent, because σ |=d
input(a, t1 , t2 ) ⇔ σ |=o input(a, t1 , t2 ). Proof is trivial.
The TROBDD algorithm needs to be adapted to include input states.

Algorithm TROBDD((input, ontology, facts, rules)) =
Extract the set of possible atoms from the ontology
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = 0 to ∞ do
trees[t] = nil
CROBDD(trees,t,ord,input,ontology,facts,rules)
if t − max(d + a + c) ≥ 0 then
Present trees[t − max(d + a + c)]
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Algorithm CROBDD(trees,t,ord,input,ontology,facts, rules) =
f = true

for each input(a, t1 , t2 ) ∈ input do
if t1 ≤ t < t2 then
f = f ∧ a {input}

if t = 0 then
for each predicatename(init) ∈ ontology do
if argument1 : sort1 ∈ predicatename ∧ . . . ∧ argumentn : sortn ∈
predicatename ∧ object1 ∈ sort1 ∧ . . . ∧ objectn ∈ sortn then
if init=true then f = f ∧ predicatename(object1 , . . . , objectn )
if init=false then f = f ∧¬predicatename(object1 , . . . , objectn )
{init}

for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f = f ∧ α {fact}

for each α →d,a,c βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 +a−1]∧t0 +a+d ≤ t < t0 +a+d+c
then
f = f ∧ βl1 ∪...∪la−1 {rule}

if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 + a − 1] ∧ t0 + a ≤ t < t0 + a + d
then
f = f ∧ γl1 ∪...∪la−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + a + d then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ t2 + d ≤ t < t2 + d + c ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧

. . . ∧ α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t] ∧ t2 ≤ t < t2 + d ∧ t2 − t1 = a ∧ α ⊂l1 trees[t1 ] ∧ . . . ∧
α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus tollens}
if t0 + 1 ≤ t < t0 + d + a ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)
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8.6

Example model

The example model presented in Section 7.4 is expressed in LEADSTO 2.5 as
follows:
M (input) = {ontology, facts, rules}
where
input =
{input(world state(cup), 1, 2),
input(¬world state(cup), 2, ∞)}

ontology =
({kitchen supplies, response types}, internal, external)
kitchen supplies = {cup, plate, knife}
response types = {pick up, put on table, cut}
internal = {sensor state, srs, coupling}
external = {world state, response}
sensor state(false) =
k : kitchen supplies
srs(false) =
k : kitchen supplies
coupling(false) =
k : kitchen supplies
r : response type
world state(false) =
k : kitchen supplies
response(false) =
r : response type
facts =
{holds during interval(0, ∞, coupling(cup, pick up)),
holds during interval(0, ∞, coupling(plate, put on table)),
holds during interval(0, ∞, coupling(knife, cut))}
rules =
{world state(k) →0,1,1 sensor state(k)¬sensor state(k),
sensor state(k) →0,1,1 srs(k)(srs(k) ∨ ¬srs(k)),
srs(k) ∧ coupling(k,r) →1,1,1 response(r)¬response(r)}
In LEADSTO, initialisation always needed to occur through the use of facts.
This is something that is easily forgotten. Furthermore, it also clutters the
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model, because facts can also be used for other purposes than initisalisation. In
this example, it can be seen that intialisation does not need to occur through
facts, but it can be obtained through the syntax of the ontology. This syntactical
modification enforces initalisation. Furthermore, by adding an ontology based
on a class structure, rules such as
world state(cup) →0,1,1 sensor state(cup)¬sensor state(cup) can be
made more generic using a variable k of type kitchen supplies.
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Chapter 9

Design methodology and
verification methods
Chapter abstract
Requirements G 1 and G 2 require a design methodology
and verification methods that can be applied on LEADSTO
2.5 models. Requirements U 2 and U 3 furthermore require
that these methods are easy to apply. A design methodology is provided that guides the user in translating a natural language description of a theory to a formal LEADSTO
2.5 model in five steps. Methods for model checking and
theorem proving can be implemented using specification
language TTL, which allows quantification over exact time
points and over traces such that the creation of bounded
temporal operators is possible and branching time formulae
can be constructed. Model checking furthermore requires a
finite state space. A finite graph can be constructed of a
LEADSTO 2.5 model using the state predicates in the ontology as nodes and the rules as edges. Implementation of
a symbolic model checker is therefore possible. For theorem
proving, a proof system is needed. The operational semantics of LEADSTO 2.5 can be used as a proof system. Application of the derivation rules of the operational semantics
of LEADSTO 2.5 is fairly easy. Ease of use can be improved by implementing a theorem prover that automatically
applies these derivation rules.

9.1

Design methodology

A design methodology needs to guide users in how to translate a natural language description of a theory to a formal model. This section provides a plan for
stepwise translation of a natural language description of a theory to a LEADSTO
2.5 model. Table 6.1 provides reusable parts of two types of languages that can
possibly be used in the creation of a design methodology for LEADSTO 2.5 models: the method of hoare triples and invariants used in imperative languages
and the method of top-down stepwise refinement used in logic languages. We
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create a design methodology inspired by the top-down stepwise refinement method, because it is an intuitively appealing method. Starting from a natural
language description, the design methodology provides five steps that can be
used to obtain a LEADSTO 2.5 model. The automatic capture theory is used
as an example to show that with each step, some hidden assumptions or ambiguities may be uncovered that need to be made explicit in order to obtain a
formal model.
Step 1: Identify concepts and relations
A natural language description of a theory consists of concepts and relations
between those concepts. The first step in the translation process is to identify
these concepts and relations.
Consider for example the automatic capture theory of attention, described in
Section 1.1. This theory states that:
Salient stimuli automatically grab attention.
The theory uses concepts: Salient stimulus, attention, engagement (”grab”)
and automaticity.
And it uses relations: Salient stimulus engages attention, . . . automatically . . .?
Here we see that to define automaticity as a relation, it needs to be defined
in more detail.
Salient stimuli grab attention before attention can be directed
towards the target stimulus.
Concepts: Salient stimulus, target stimulus, attention, engagement (”grab” and
”directed towards”) and before.
Relations: Salient stimulus engages attention, target stimulus engages attention, salient stimulus engages attention before target stimulus engages attention.
Step 2: Draw a high-level model
The second step is to depict the relations between the concepts graphically in
a high-level model.
For the example of automatic capture, a first attempt will result in the model depicted in Figure 9.1.

Figure 9.1: First attempt at a high-level model of concepts and relations of the automatic capture hypothesis.

Here we see that we have not yet provided a sufficient definition of what it
means that attention is engaged by the salient stimulus before it is engaged by
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the target stimulus. We have not taken into account that attention needs to
be disengaged before it can be directed elsewhere. Therefore, we introduce the
relation disengages:
Concepts: Salient stimulus, target stimulus, attention, engagement (”grab” and
”directed toward”), disengagement and before.
Relations: Salient stimulus engages attention, when salient stimulus disengages
attention, target stimulus engages attention.
Figure 9.2 depicts this new model graphically.

Figure 9.2: Definitive high-level model of concepts and relations of the automatic
capture hypothesis.

Step 3: Construct an ontology
The next step is to construct ontology from concepts and relations as they are
depicted in the high-level model.
For the example of automatic capture, we obtain:
ontology =
({stimulus}, internal, external)
stimulus = {salient stimulus, target stimulus}
internal = {attention}
external = {screen}
attention(false) =
s : stimulus
screen(false) =
s : stimulus
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Step 4: Formalise the relations
The relations depicted in the high-level model can now be formalised using the
ontology.
Figure 9.3 represents the relations engages and disengages from the example
high-level model of automatic capture graphically.

Figure 9.3: Formal model of the relations of the automatic capture theory.

These relations can be formalised using temporal logic as follows:
Engages:
screen(salient stimulus) ⇒ Xattention(salient stimulus) and
screen(target stimulus) ∧ ¬attention(s:stimulus) ⇒
Xattention(target stimulus)
Disengages:
attention(salient stimulus) ⇒ F ¬attention(salient stimulus)

Step 5: Rewrite the relations to LEADSTO 2.5 rules
Finally, the formalised relations need to be rewritten to LEADSTO 2.5 rules.
This can also be done in a stepwise manner:
First, add an extra relation ¬x ⇒ z, for each relation x ⇒ y in order to obtain
an alternative consequent for every relation:
Engages:
screen(salient stimulus) ⇒ Xattention(salient stimulus)
¬screen(salient stimulus) ⇒ X¬attention(salient stimulus)
and
screen(target stimulus) ∧ ¬attention(s:stimulus) ⇒
Xattention(target stimulus)
¬(screen(target stimulus) ∧ ¬attention(s:stimulus)) ⇒
X¬attention(target stimulus)
Disengages:
attention(salient stimulus) ⇒ F ¬attention(salient stimulus)
¬attention(salient stimulus) ⇒ F (¬attention(salient stimulus) ∨
attention(salient stimulus))
Then, rewrite these relations to LEADSTO 2.5 rules. In order to do this, the
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number of time steps for operators X and F must be chosen, for example
Engages:
screen(salient stimulus) →0,1,1 attention(salient stimulus)
¬attention(salient stimulus)
and
screen(target stimulus) ∧ ¬attention(s:stimulus) →0,1,1
attention(target stimulus)¬attention(target stimulus)
Disengages:
attention(salient stimulus) →3,1,1 ¬attention(salient stimulus)
(¬attention(salient stimulus) ∨ attention(salient stimulus))
Now, we have a methodology for stepwise translation of a natural language
description of a theory to a formal LEADSTO 2.5 model. This methodology
focusses mostly on validity. Correctness of a model can be verified by specifying
properties that state that for example the model may not contain any contradictions using either model checking or theorem proving. Methods for model
checking and theorem proving are discussed below.

9.2

Model checking

For model checking, a specification language and a finite state space are necessary. The properties that need to be verified over a LEADSTO 2.5 model are
properties that include a notion of time. A typical example of such a property
is: ”If input s is provided to the agent, then after a number of time steps, the
agent will respond with r”. Therefore, the specification language needs to be
a temporal logic. Classical temporal logics have unbounded temporal operators such as ”eventually” or ”always”. However, in cognitive agent models, the
timing of events is an important property. Properties to verify will typically
include not only occurrence of a state but also an exact time point of occurrence, a distance in time between two states, the exact duration of a state, and
so on. So a temporal logic with bounded temporal operators is needed. Finally,
because LEADSTO 2.5 models may allow multiple traces, and the modeler may
not only want to assert properties that hold over all traces, but also the existence of a trace which satisfies a certain property, a branching time temporal
logic is needed.
The Temporal Trace Language (TTL) is a specification language that meets
all these requirements. TTL allows quantification over exact time points and
over traces, thereby enabling the creation of bounded temporal operators and
the formation of branching time formulae. The syntax and semantics of TTL
are provided in Definitions 9.2.1 and 9.2.2.
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Definition 9.2.1 (Syntax of TTL). The syntax of TTL is defined as follows
(see also [18]):
• If γ is a simulation trace, t is a timepoint and α is a proposition, then
γ(t) |= α is a TTL formula, where a proposition is defined as follows:
– If a is an atom, then a is a proposition
– If t1 is a timepoint or a numerical value and t2 is a timepoint or
a numerical value, then t1 = t2 is a proposition
– If t1 is a timepoint or a numerical value and t2 is a timepoint or
a numerical value, then t1 < t2 is a proposition
– If t1 is a timepoint or a numerical value and t2 is a timepoint or
a numerical value, then t1 > t2 is a proposition
– If α is a proposition, then ¬α is a proposition
– If α is a proposition and β is a proposition then α ∧ β is a proposition
– If α is a proposition and β is a proposition then α ∨ β is a proposition
– If α is a proposition and β is a proposition then α ⇒ β is a
proposition
• If T is a TTL formula, then ¬T is a TTL formula
• If T1 is a TTL formula and T2 is a TTL formula, then T1 ∧ T2 is a
TTL formula
• If T1 is a TTL formula and T2 is a TTL formula, then T1 ∨ T2 is a
TTL formula
• If T1 is a TTL formula and T2 is a TTL formula, then T1 ⇒ T2 is a
TTL formula
• If φ(x) is a TTL formula for all x of type S, then ∀x:S φ(x) is a TTL
formula
• If φ(x) is a TTL formula for all x of type S, then ∃x:S φ(x) is a TTL
formula
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Definition 9.2.2 (Semantics of TTL). The semantics of TTL is defined
as follows (see also [18]):
• TTL formula γ(t) |= α holds if proposition α is true at time t in trace
γ
• TTL formula ¬T holds if TTL formula T does not hold
• TTL formula T1 ∧T2 holds if TTL formula T1 holds and TTL formula
T2 holds
• TTL formula T1 ∨ T2 holds if TTL formula T1 holds or TTL formula
T2 holds
• TTL formula T1 ⇒ T2 holds if ”if TTL formula T1 holds, then TTL
formula T2 holds”
• TTL formula ∀x:S φ(x) holds if for all x of type S, TTL formula φ(x)
holds
• TTL formula ∃x:S φ(x) holds if there exists an x of type S, such that
TTL formula φ(x) holds

For the example agent given in Section 8.6, the following example properties
could be specified:
{ Property 1: whenever kitchen supply cup is presented, some time later response pick up is given }
∀γ:trace,t1 :time γ(t1 ) |= world state(cup) ⇒ ∃t2 :time t2 > t1 ∧
γ(t2 ) |= response(pick up)
{ Property 2: whenever kitchen supply cup is observed, one time unit later
response pick up is given }
∀γ:trace,t:time γ(t1 ) |= observe(cup) ⇒ γ(t + 1) |= response(pick up)1
A tool is available for model checking of TTL formulae on simulation traces
generated by LEADSTO models. This tool can verify whether TTL formulae
hold on a set of simulation traces. This is possible because LEADSTO traces
are finite. LEADSTO 2.5 models do not necessarily have a finite state space.
A state predicate with an argument of an infinite type, such as for example the
natural or real numbers, results in an ontology of which an infinite number of
atoms can be built. Furthermore, LEADSTO 2.5 models do not have a start
and end time. However, it is possible to construct a finite graph of a LEADSTO
2.5 model on which symbolic model checking is possible. The state predicates
in the ontology form the nodes of the graph and the rules form the edges. Since
there is always a finite number of state predicates and a finite number of rules,
such a graph is finite. Implementation of a tool for model checking is therefore
possible, reusing the method of state transition graphs that is often used for
generic languages (see Table 6.1). Implementation of such a tool provides an
easy to apply verification method.
1 Note that property 2 does not hold on the example model given in Section 8.6, while
property 1 does hold.
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9.3

Theorem proving

For theorem proving, a specification language and a proof system are necessary.
The specification language TTL described in the previous section can be used
for theorem proving on LEADSTO 2.5 models. The operational semantics of
LEADSTO 2.5 can be used as a proof system along with the rules of natural
deduction. This means that both the theorem proving method for imperative
languages, using a specification language and a proof system, and the method of
natural deduction that can be used on logic languages are reused (see Table 6.1).
As an example, theorem proving is used to show that property 1, discussed in
the previous section, holds on the LEADSTO 2.5 model provided in Section 8.6.
{ Property 1: whenever kitchen supply cup is presented, some time later response pick up is given }
∀γ:trace,t1 :time γ(t1 ) |=o world state(cup) ⇒ ∃t2 :time t2 > t1 ∧
γ(t2 ) |=o response(pick up)
Proof. Assume γ(t1 ) |=o world state(cup).
Application of rule rule on
world state(k) →0,1,1 sensor state(k)¬sensor state(k) and γ(t1 ) |=o
world state(cup) and t1 + 1 + 0 ≤ t1 + 1 < t1 + 1 + 1 results in γ(t1 + 1) |=o
sensor state(cup).
Application of rule rule on sensor state(k) →0,1,1 srs(k)(srs(k)∨¬srs(k)
and γ(t1 + 1) |=o sensor state(cup) and t1 + 1 + 1 + 0 ≤ t1 + 2 < t1 + 1 + 1 + 1
results in γ(t1 + 2) |=o srs(cup).
Application of rule fact on
holds during interval(0, ∞, coupling(cup, pick up)) and 0 ≤ t1 + 2 < ∞
results in γ(t1 + 2) |=o coupling(cup, pick up).
Application of rule rule on
srs(k)∧coupling(k,r) →1,1,1 response(r)¬response(r) and γ(t1 +2) |=o
srs(cup) and γ(t1 +2) |=o coupling(cup, pick up) and t1 +2+1+1 ≤ t1 +4 <
t1 + 2 + 1 + 1 + 1 results in γ(t1 + 4 |=o response(pick up).
Let t2 = t1 + 4, then t2 ≥ t1 and γ(t2 ) |=o response(pick up), so ∃t2 :time t2 >
t1 ∧ γ(t2 ) |=o response(pick up).
Application of rules is a fairly easy method for theorem proving. Ease of use
can be improved by implementing a theorem prover that automatically applies
these derivation rules.
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Chapter 10

Conclusion
Chapter abstract
The research goal of this thesis was to find or construct
a language suitable for cognitive agent modelling. An
existing language that fits the requirements for cognitive
agent modelling was not found. From the existing language
LEADSTO, the language LEADSTO 2.5 was constructed
that provides support for all of the requirements except for
the provision of easily interpretable simulation results. The
visualisation of simulation results is an issue for future research. Extensions of the language that improve support for
the requirements include implementation of a model checker
and a theorem prover, design and implementation of a visual
programming interface, extension of its discrete semantics to
real-time semantics, use of three-valued logic and probabilistic or fuzzy models.

10.1

Discussion

The research goal of this thesis was to find or construct a language suitable for
cognitive agent modelling. In order to do so, first the requirements for such
a language needed to be identified. These requirements were used to evaluate
several categories of existing languages. None of these categories of languages
fits all of the requirements, however, some reusable aspects were identified.
One existing language was evaluated separately. This language, LEADSTO,
is advantageous over the categories of generic and rule-based languages that
were evaluated, because it provides excellent support for the modelling of the
dynamics of a cognitive process. This language is also easy to use, a tool exists
that provides easily interpretable simulation results for LEADSTO models and
a specification language is available to specify properties of LEADSTO models.
However, the design of valid and correct LEADSTO models
the fact that the operational semantics of LEADSTO is not
denotational semantics. This greatly diminishes insight into
viour. Furthermore, LEADSTO models have a start and an
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is obstructed by
equivalent to its
a model’s behaend time, which

diminishes support for the modelling of the dynamics of a constantly running
process, models can not be parameterised, there is no way to explicitly represent
an ontology and there are some other minor syntactical shortcomings. Finally,
no design methodology and verification methods are available.
The LEADSTO language was adapted to resolve the semantical and syntactical
issues. This resulted in the language LEADSTO 2.5. A design methodology
was provided to help guide the translation process from a natural language description to a formal LEADSTO 2.5 model. Options for the creation of a model
checker using the specification language TTL were discussed and an example
is provided of how the operational semantics of LEADSTO 2.5 can be used for
theorem proving.
Thus a language is created that supports the requirements that follow from the
definition of a cognitive agent and the characteristics of the modelling process.
Specifically, the syntax of the language includes an ontology in which internal mental states and external environmental states are explicitly separated,
the syntax of rules allows the specification of actions and the exact specification of the temporal relations between states and actions, and the semantics
of LEADSTO 2.5 allows the representation of the time of occurrence of mental
and environmental states.
LEADSTO 2.5 provides good support of the requirements that follow from the
goal of cognitive agent modelling. LEADSTO 2.5 has a restricted syntax, providing support for easy discussion and collaboration on models among researchers. A design methodology was provided, it was shown that implementation
of a model checker is possible and an example was provided of how the operational semantics of LEADSTO 2.5 can be used as a proof system for theorem
proving. LEADSTO 2.5 models can be parameterised, allowing run-time input
to a simulation of a model. The method of TROBDD’s was introduced to enable
implementation of a simulation tool and an algorithm was constructed that can
be used to implement such a simulation tool. However, because LEADSTO 2.5
models may allow multiple traces, presentation of simulation results in an easily
interpretable manner is an issue that needs to be resolved.
Finally, LEADSTO 2.5 also provides good support for the requirements that follow from the specific group of users of the language. The syntax of LEADSTO
2.5 is easy to understand and LEADSTO 2.5 models are easily readable. The
design methodology provided for the translation of a natural language description of a theory to a LEADSTO 2.5 model is easy to apply. It was shown that
implementation of a model checker is possible. Provided that the model checker
has an easily understandable interface and provides counterexamples in case a
property does not hold, such a tool provides an easy to apply verification method. Application of the rules of the operational semantics of LEADSTO 2.5 as
a method for theorem proving is also very straightforward. Ease of use of this
method for theorem proving can be even further improved by implementing a
tool that applies these derivation rules.
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10.2

Future work

In order to fit all requirements stated in Chapter 2, it has to be investigated how
the simulation results of LEADSTO 2.5 models can be presented in an easily
interpretable manner. For models that allow a restricted number of different
traces, the visualisation method of the LEADSTO simulation tool can be used
to visualise all of the traces. Possibly, a visualisation method can be found that
integrates several simulation traces into one, easily readable figure. If no visualisation method can be found that provides a way to present simulation results
of LEADSTO 2.5 models in an easily interpretable manner, model checking can
be used to check whether certain properties hold on a model.
Implementation of a model checker and a theorem prover will improve support for user induced requirements. Support for easy creation of LEADSTO 2.5
models can be improved by providing a visual programming interface. However,
in creating such a visual programming interface, it should be kept in mind that
the main goal of creating cognitive agent models is to be able to communicate
about them with other researchers. The way to communicate about such models
is through scientific articles. Therefore, a visual programming interface needs
to present models visually in such a way that snapshots can be taken of them
that provide enough information for a reader of a scientific article to read and
recreate the model.
Support for definition induced requirements can be further improved by extending the discrete semantics of LEADSTO 2.5 to a real-time semantics. Furthermore, since non-monotonic reasoning and non-determinism are topics of
interest for psychological researchers, future extension may include the use of
three-valued logic, allowing non-monotonic reasoning and probabilistic or fuzzy
models, allowing non-determinism.
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Appendix A

LEADSTO 2.5
A.1

Syntax

LEADSTO 2.5 model
A model M in LEADSTO 2.5 is defined as follows:
M (input) =(ontology, facts, rules)
where
input a set
ontology a
facts a set
rules a set

of LEADSTO 2.5 input states and
LEADSTO 2.5 ontology and
of LEADSTO 2.5 facts and
of LEADSTO 2.5 rules.

LEADSTO 2.5 input state
A LEADSTO 2.5 input state is a statement of the form:
input(a, t1 , t2 )
Where a is an atom and t1 and t2 are time points such that t2 > t1 and
t1 , t2 > 0.
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LEADSTO 2.5 ontology
A LEADSTO 2.5 ontology is a statement of the form:
({sortname1 , sortname2 , . . .}, internal, external)
where
sortname1 = {object1,1 , object1,2 , . . .}
sortname2 = {object2,1 , object2,2 , . . .}
...
and
internal = {predicatename-int1 , predicatename-int2 , . . .}
external = {predicatename-ext1 , predicatename-ext2 , . . .}
predicatename-int1 (init-int1 ) =
argument-int1,1 : sort1,1
argument-int1,2 : sort1,2
...
predicatename-int2 (init-int2 ) =
argument-int2,1 : sort2,1
argument-int2,2 : sort2,2
...
...
predicatename-ext1 (init-ext1 ) =
argument-extn+1,1 : sortn+1,1
argument-extn+1,2 : sortn+1,2
...
predicatename-ext2 (init-ext2 ) =
argument-extn+2,1 : sortn+2,1
argument-extn+2,2 : sortn+2,2
...
...

LEADSTO 2.5 fact
A
LEADSTO
2.5
fact
is
a
statement
of
the
form
holds during interval(t1 , t2 , α) where t1 , t2 ∈ N denote the lower
and the upper bound of the time interval over which the fact should hold
and α is a propositional formula over the atoms that can be built from the
ontology.
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LEADSTO 2.5 rule
A LEADSTO 2.5 rule is a statement of the form α →d,a,c βγ where α, β
and γ are propositional formulae over the atoms in the ontology, d, a, c ∈ N.
α is called the antecedent of a rule, β is called the consequent of a rule and
γ is called the alternative consequent of a rule.

A.2

Semantics

A.2.1

Denotational semantics

σ |=d M ⇔
∀input(a,t1 ,t2 )∈input σ |=d input(a, t1 , t2 )∧
∀predicatename(init)∈ontology σ |=d predicatename(init)∧
∀holds during interval(t1 ,t2 ,α)∈facts σ |=d holds during interval(t1 , t2 , α)∧
∀α→d,a,c βγ∈rules σ |=d α →d,a,c βγ

where
σ |=d input(a, t1 , t2 ) ⇔ ∀t1 ≤t<t2 σ(t) |=d a
and
σ |=d predicatename(init) ⇔
∀argument1 :sort1 ∈predicatename,argument2 :sort2 ∈predicatename,...,
argumentn :sortn ∈predicatename

∀object1 ∈sort1 ,object2 ∈sort2 ,...,objectn ∈sortn
σ(0) |=d predicatename(object1 , object2 , . . . objectn ) = init
and
σ |=d holds during interval(t1 , t2 , α) ⇔ ∀t t1 ≤ t < t2 ⇒ σ(t) |=d α
and
σ |=d α →d,a,c βγ ⇔
(∀t1 ,t2
(t2 − t1 = a ∧ (∀t1 ≤t<t2 σ(t) |=d α)) ⇒
((∀t2 ≤t0 <t2 +d σ(t0 ) |=d γ) ∧
(∀t2 +d≤t0 <t2 +d+c σ(t0 ) |=d β)))∧
(∀t σ(t) |=d ¬α ⇒

∀t+1≤t0 <t+a+d σ(t0 ) |=d γ)
The semantics of propositional formulae α, β and γ is defined as follows:
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d

a holds iff atom a is true at time t
¬a holds iff atom a is false at time t
¬α holds iff not σ(t) |=d α
α ∧ β holds iff σ(t) |=d α and σ(t) |=d β
α ∨ β holds iff σ(t) |=d α or σ(t) |=d β
α ⇒ β holds iff σ(t) |=d ¬α or σ(t) |=d β
α ⇔ β holds iff σ(t) |=d α ⇒ β and σ(t) |=d β ⇒ α
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A.2.2

Operational semantics

The operational semantics of LEADSTO 2.5 consists of the following rules:
input(a, t1 , t2 ) ∈ input
σ(t) |=o a

t1 ≤ t < t2

input

predicatename(init) ∈ M
argument1 : sort1 ∈ predicatename
...
argumentn : sortn ∈ predicatename
object1 ∈ sort1
...
objectn ∈ sortn
init
σ(0) |=o predicatename(object1 , . . . , objectn ) = init
holds during interval(t1 , t2 , α) ∈ M
σ(t) |=o α

t1 ≤ t < t2

fact

α →d,a,c βγ ∈ M
σ(t) |=o α
...
σ(t + a − 1) |=o α
t + a + d ≤ t0 < t + a + d + c
rule
σ(t0 ) |=o β
α →d,a,c βγ ∈ M

α →d,a,c βγ ∈ M

σ(t) |=o α
...
t + a ≤ t0 < t + a + d
σ(t0 ) |=o γ

σ(t + a − 1) |=o α

t + 1 ≤ t0 < t + a + d

σ(t) |=o ¬α
σ(t0 ) |=o γ

rule delay

rule alt

α →d,a,c βγ ∈ M
t2 + d ≤ t0 < t2 + d + c
0
σ(t ) |=o ¬β
t2 − t1 = a
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule modus tollens
σ(t) |=o ¬α
α →d,a,c βγ ∈ M
t2 ≤ t0 < t2 + d
0
σ(t ) |=o ¬γ
t2 − t1 = a
σ(t1 ) |=o α
...
σ(t − 1) |=o α
σ(t + 1) |=o α
...
σ(t2 − 1) |=o α
rule delay modus tollens
σ(t) |=o ¬α
α →d,a,c βγ ∈ M
t + 1 ≤ t0 < t + d + a
0
σ(t ) |=o ¬γ
rule alt modus tollens
σ(t) |=o α
The semantics of propositional formulae α, β and γ is defined as follows:
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if
if
if
if
if
if
if

σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d
σ(t) |=d

a then atom a is true at time t
¬a then atom a is false at time t
¬α then not σ(t) |=d α
α ∧ β then σ(t) |=d α and σ(t) |=d β
α ∨ β then σ(t) |=d α or σ(t) |=d β
α ⇒ β then σ(t) |=d ¬α or σ(t) |=d β
α ⇔ β then σ(t) |=d α ⇒ β and σ(t) |=d β ⇒ α

The TROBDD algorithm

Algorithm TROBDD((input, ontology, facts, rules)) =
Extract the set of possible atoms from the ontology
Impose some order ord on this set of atoms
trees = array of CROBDD
for t = 0 to ∞ do
trees[t] = nil
CROBDD(trees,t,ord,input,ontology,facts,rules)
if t − max(d + a + c) ≥ 0 then
Present trees[t − max(d + a + c)]
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Algorithm CROBDD(trees,t,ord,input,ontology,facts, rules) =
f = true

for each input(a, t1 , t2 ) ∈ input do
if t1 ≤ t < t2 then
f = f ∧ a {input}

if t = 0 then
for each predicatename(init) ∈ ontology do
if argument1 : sort1 ∈ predicatename∧. . .∧argumentn : sortn ∈
predicatename ∧ object1 ∈ sort1 ∧ . . . ∧ objectn ∈ sortn then
if init=true then f = f ∧
predicatename(object1 , . . . , objectn )
if init=false then f = f ∧
¬predicatename(object1 , . . . , objectn ) {init}
for each holds during interval(t1 , t2 , α) ∈ facts do
if t1 ≤ t < t2 then
f = f ∧ α {fact}
for each α →d,a,c βγ ∈ rules do
if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 + a − 1] ∧ t0 + a + d ≤ t <
t0 + a + d + c then
f = f ∧ βl1 ∪...∪la−1 {rule}
if α ⊂l1 trees[t0 ] . . . α ⊂la−1 trees[t0 + a − 1] ∧ t0 + a ≤ t < t0 + a + d

then

f = f ∧ γl1 ∪...∪la−1 {rule delay}

if ¬α ⊂l trees[t0 ] ∧ t0 + 1 ≤ t < t0 + a + d then
f = f ∧ γl {rule alt}

if ¬β ⊂l trees[t] ∧ t2 + d ≤ t < t2 + d + c ∧ t2 − t1 = a ∧ α ⊂l1

trees[t1 ]∧. . .∧α ⊂lt0 −1 trees[t0 −1]∧α ⊂lt0 trees[t0 +1]∧. . .∧α ⊂lt2 −2
trees[t2 − 1] then
f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule modus tollens}
if ¬γ ⊂l trees[t]∧t2 ≤ t < t2 +d∧t2 −t1 = a∧α ⊂l1 trees[t1 ]∧. . .∧
α ⊂lt0 −1 trees[t0 − 1] ∧ α ⊂lt0 trees[t0 + 1] ∧ . . . ∧ α ⊂lt2 −2 trees[t2 − 1]

then

f 0 = (¬α)l∪l1 ∪...∪lt2 −1
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule delay modus
tollens}
if t0 + 1 ≤ t < t0 + d + a ∧ ¬γ ⊂l trees[t] then
f 0 = αl
trees[t0 ] = LROBDD(f 0 ,trees[t0 ]) {rule alt modus tollens}
trees[t] = LROBDD(f ,nil)
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Algorithm LROBDD(αl ∧ f ,ltree) =
ltree’ = Using the order of atoms ord, compute the ROBDD of
α and add label l to every edge.
ltree’’ = Merge(ltree, ltree’)
LROBDD(f , ltree’’)
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