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Abstract. In real-time systems with changes in specifications, resources status,
and ambient conditions, the computational support requires adapting to new con-
ditions to satisfy the goals defined for those applications. Technology-enhanced
learning applications (TEL) can be formalized by Educational Modelling Lan-
guages (EML), which provides a mechanism to design, deploy, and execute learn-
ing activities providing pedagogical flexibility. However, this flexibility is focused
on design time and not in execution. Consequently, compliance satisfaction is
a challenge when flexibility in workflows is provided. In addition, deadlock-
freeness and reachability are critical properties in learning design execution of
applications because learning objectives must be achieved by students without
avoidable impediments provided by the execution of learning applications and
their corresponding technical infrastructure. Currently, to provide flexibility to
learning design scenarios, real-time flexibility and real-time compliance cannot
be balanced since the improvement of flexibility mechanism affects compliance
assessment, and vice-versa. The aim of this work is to explore real-time flexibility
features in a workflow specification, supporting deadlock-freeness and reachabil-
ity as compliance parameters during application in learning design scenarios. An
extension of Petri-Net formalism was developed as a workflow specification. To
validate this approach, a learning scenario with a set of test cases were formulated
to define pedagogical and validation constraints. Results show that a learning sce-
nario involving changes to the run-time can be successfully created, deployed,
and executed. These changes can be based on properties that are intrinsic to the
learning scenario, as well as on others that are related to the proposed workflow
specification base Petri-net.
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1 Introduction

Real-time systems and applications are conditioned to heterogeneous hardware stake-
holders, ambient factors, and subjacent processes. Consequently, these systems may
require adapting to the new working conditions to satisfy, complete or partially, pre-
defined goals [1]. In this line, Technology-enhanced learning (TEL) applications are
real-time applications: they are deployed on portable and interoperable devices; they are
designed for a wide technology-level range of users; they are ambient-pervasive accord-
ing to indoor and/or outdoor settings; and their aim is to facilitate how people learn,
according to pre-defined learning results. This complexity must be tackled by an ade-
quate heterogeneity management to a fulfilment of the expected learning results by the
targeted users, avoiding overloading them. In this line, heterogeneitymanagement can be
supported by formalisms to provide mechanisms of runtime verification and validation.
In TELfield, a relevant and current concept is LearningDesign, as an approach to provide
learning technological applications with a correct pedagogical design [2–4].Currently,
there are several learning design tools focused on content delivery, students’ assessment,
pedagogical planning, and authoring [5, 6] Particularly regarding to pedagogical plan-
ning and authoring, heterogeneity management must be aligned to how Learning Design
is formally represented [7, 8]. EducationalModellingLanguages (EML) [9] provides for-
malisms to Learning Design approach. Any EML implementation must provide not only
formalization, but pedagogical flexibility, personalization, interoperability, sustainabil-
ity, and reusability. Most-known EML implementation is IMS-LD [10], an XML-based
language for TEL applications formalization providing a domain-specific metamodel
with three complexity levels:

• Level A – definition of core entities: pedagogical method, plays, acts, roles, learning
activities, environment setting and status, etc.

• Level B – monitoring over level A status.
• Level C – notifications over level B, related to monitoring process in that level.

As seen, IMS-LD level B This level provides mechanisms to create more heteroge-
nous and complex TEL applications using state variables, pre-defined properties, and
flexibility conditions [11]. Then, TEL applications can be createdwith a flexible learning
flow, i.e., with a sequence of activities and tasks to achieve learning results, introduc-
ing new tasks, rules, or pedagogical resources. Therefore, all possible modifications in
learning flow must be defined as a pool, before runtime execution with students, with-
out real-time interaction by a user (e.g., lecturer or teacher). To solve these issues, [12]
propose an architecture to orchestrate external software components into an IMS-LD
implementation using human or automatic agents (i.e., a virtual teacher), as media-
tors. Other approaches to solve flexibility issues are related to how provide an adequate
learning flow to improve learning [13], how flexibility can be implemented in constraints
and variable geolocations and places (e.g., [14]) and flexibility in authoring when task
of learning flow is designed (e.g., [15]). These approaches extend IMS-LD, providing
events and exception support, creation and insertion of new tasks and distributed data
exchange, but all of them pre-defined. Therefore, an unexplored issue is how an EML
formalism (e.g., IMS-LD) can specify flexible Learning Designs, considering hetero-
geneity management and real-time supporting on pedagogical planning changes [7]. As
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seen, TEL applications are limited to solve issues in a design stage, because flexibility
is provided by a pool of rules described by the corresponding EML implementation.

Related to heterogeneity management, an issue is how variated and spare compo-
nents and data resources support a right learning results achievement by learners. As
seen, [12] focuses on flexible orchestration to satisfying complex requirements in collab-
orative learning, using some distributed components and resources to satisfy pedagogical
requirements. This approach uses IMS-LD as specification formalism, extending it using
service choreography with external resources to provide adaptation in content presenta-
tion to learners. Its aim is to provide robustness features related to group formation and
external resources, but there is not flexibility in task descriptions or exception handling.

1.1 Workflows and EML

TheEML formalismsmaybe considered as an instance ofworkflowconcept.Aworkflow
is composed by a sequence of steps, where certain tasks are carried out using specific
resources, to satisfy pre-defined goals [16] in a wide range of business domains [17].
Workflow executions are supported by its specification (i.e., a formal language), and an
operative infrastructure over workflowmanagement systems (WfMS). Previous research
has looked at introducing changes without having to restart the entire system. These
approaches are called flexible workflows [18]. Flexibility in this type of workflow can
operate in three ways. First, the decision making is delayed when faced with an event
(e.g., specifying a spot in the workflow definition to be filled, marked by a language
sentence). Second, new tasks can be added or changed to build the workflow sequence
immediately, both for current and future executions. Finally, the current model is ignored
by skipping tasks and/or violating restrictions that were in place with the previous tasks
and running sequence [19].

As aforementioned, TEL applications may need flexibility and heterogeneity man-
agement in their operation. Regarding heterogeneity, a TEL application can be deployed
over various kind of systems: cloud servers, mobile devices, and recently, IoT devices
[20]. Another method is to make nodes available for playing the role of both data and
control servers, as well as executors of the workflow. This allows distributed control of
the process, in addition to the migration of the execution of processes between nodes,
enabling runtime flexibility [21]. The advantage of these systems is the autonomy they
can provide each node for decision making. However, this autonomy can result in poten-
tial problems with syncing, reachability of all possible states in workflow, possible locks
in tasks and resources access given the way they are set up as a distributed system, and
temporal availability of resources [22].

1.2 Execution Control and Rules

In any TEL application specification, the mechanism of execution control needs to
be defined. First, transition between tasks must be defined, generally embedded into
a sequence of tasks. Then, traceability between technical requirements and expected
learning results must be defined. This traceability is specified by rules, statements that
define or constrain some aspects of a certain problem. Precisely, it is intended to assert
domain structure to control the behavior of the learning flow. Examples of this kind of
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rules are: “each student must achieve a minimum score in a task to develop a next task”;
“every student must work in a group”. Rules-based approach distinguishes between
definitions, facts, and formal rules, such as constraints, derivation, or reaction rules
[23]. These rules must be associated to expected learning results, because a traceability
between pedagogical and technical requirements it is needed to get success in any TEL
application.An issue in this traceability is how rules are formally described in aworkflow
specification language. If the rules are explicit, then the way the rules are incorporated
in the definition will depend on the language, in which the learning design is defined
if this is modelled by a workflow specification, and how is this specification is adopted
by designers and instructors [5].On the other hand, when rules are implicit, these can
be deduced from other elements in the specification, and it is not explicitly coded in the
specification. This fact can be illustrated using the analogy with the process of putting on
shoes and socks: a first step is to put on the socks, followed by the shoes; then, based on
this sequence, the deduced rule is that the socks must be covered by the shoe. However,
a rules deduction is not useful because it inhibits verification and validation processes
with not clear sequence reference parameters.

1.3 Verification and Validation of Flexibility in Learning Designs

Flexibility enables to add new tasks to workflows, according to the state of resources,
ambient, and other factors. Nonetheless, flexibility may add other issue: every change
within the workflows should be validated against a set of goals and requirements [24].
RegardingTELapplications, compliance in flexibility and goals satisfaction are balanced
depending on the context where the application is deployed and executed. This is needed
to determine whether the learning results can be still fulfilled before making any kind
of modification to guarantee the robustness of the TEL application. Then, specification
flexibility and its verification in real time may not be trivial, depending on how the
learning flow is represented. An issue is how to verify if changes in its specification
are internally consistent with their other element in the same specification [22]. If these
changes are only in the sequence of tasks, this process can be automated. On the other
hand, this activity is manual, if there is a redefinition of tasks which requires time and
effort. Therefore, a manual redefinition decreases performance of workflow execution
[24]. From a technical point of view, for TEL applications verification process is critical
with respect to how non-functional requirements are defined. A right definition has
an impact in the whole performance in execution time and processing when a TEL
application is executed in a real-time context, such as a presential classroom or remote
synchronous activities. On the other hand, from a pedagogical point of view, verification
and validation can be subordinated to how the learning design adapts its specifications
(parameters, resources, state variable), as a medium to satisfy learning results.

Some examples in the literature attempt to incorporate the change within the work-
flow itself. One of the main attempts has been to integrate rules into workflows that
explicitly represent the restrictions of the domain. This is a critical issue in learning
design, because the definition of constraints is important to design flexible systems
supporting unexpected events of the enactment of learning design scripts [14]. A first
approach is to directly incorporate blocks of code that represent the rules in the code
where the workflow is defined. However, this makes changes to the workflow difficult
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and therefore makes it difficult to maintain or to become inflexible [21]. The rules that
can be defined using this approach must be simple (i.e., without using variables that
represent the state of the workflow). These rules must also be local without includ-
ing workflows with distributed elements [21]. One way of solving these problems is to
take full advantage of using service-oriented architecture by explicitly decoupling the
sequence of tasks in the workflow from the rules. For example, the rules are stored and
performed in external rule engines, which are requested by the workflow using web
services [23].This approach allows a posteriori flexibility as it defines spots, where the
rules that are contained in a web service and remain decoupled from the workflow can
be modified. A limitation of this approach is that as it does not allow changes to the
running order when the workflow is being performed because such changes could affect
the rules or require new rules.

Creating a workflow with the characteristics indicated above makes the process of
verifying properties after changes more complex. According to the literature, the ver-
ification of properties in imperative workflows can be achieved independently using
Petri-nets [25]. Petri-nets come from a language for mathematical modelling, which
allows distributed systems to be described using a bipartite graph. Additionally, the
elements of a Petri-net represent the semantics of the modelled process and allow prop-
erties, which are expected to be met during the execution of a workflow to be checked,
such as deadlock-freeness, reachability ofworkflows expected states, safety, and liveness
[16]. One disadvantage of separately verifying the properties of workflows and rules is
that the compliance to these properties cannot be directly assessed. This issue emerges
because there is dependency between workflow tasks and the rules that define the tran-
sition between workflow tasks. This assessment is required when making changes to
the workflow that affect the running order or the definition of the set of rules because
inconsistencies may appear due to the changes.

1.4 Modelling Workflows and Rules Using Petri-Nets

In the literature, an approach for modelling and formally defining workflows has been
performed explicitly using Petri-nets. Nevertheless, there are approaches that consider
the problem of flexible rules, although they do not consider the definition of a workflow.
This problem is partially covered using ontology-based Petri-nets [26], defining an extra
semantic layer, to provide knowledge over the specified Petri-net. In this case, new
rules and axioms can be integrated to the system, with no reprogramming, such as the
OPENETLDapproach [26]. However, this leads to the following problems: (1) Complex
rules (i.e., rules that are made up of other rules through disjunction and conjunction)
can return different results for the same input; and (2) Given that Petri-nets use decision
thresholds to make decisions, calibrating this type of system leads to a high overhead
for incorporating flexibility.
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Consequently, following research questions emerge: (1) Is it possible to incorporate
complex rules into an imperative workflow so as to allow dynamic changes (during run-
time), both to the properties that govern it as well as the order in which the tasks are
defined and performed, guaranteeing the integrity of the rules that govern the problem’s
domain?, and (2) Is it possible to define amethodology for automatic property verification
based on Petri-nets for the workflow proposed in the first research question?. To answer
these research questions, this paper is structured as following: Sect. 2 presents Petri-nets
as a modeling tool; Sect. 3 presents the proposed integration of workflow specification
and rules, Sect. 4 presents the validation of this proposal, and Sect. 5 presents the
conclusions about this work.

2 Petri-Nets as a Formalism for Modelling Workflows and Rules

In the literature, an approach for modelling and formally defining workflows has been
performed explicitly using Petri-nets [25]. Using this concept, the definition of a work-
flow can be directly translated to a representation in Petri-net. The flexibility is incor-
porated by inserting snippets or blocks of code into a workflow specification, such as
BPEL. These snippets can be directly translated to a certain pattern in Petri-net. Although
this allows for some flexibility, it is only to a certain extent. The changes are limited
to adding and modifying tasks, but do not allow rules that establish a transition from
one task to another to be incorporated. Therefore, the validation of the changes is based
on how these matches with the patterns in Petri-net. While the creation of these is well
defined according to the methodology, this is not the case for a change in the rules that
govern the workflow.

Nevertheless, there are approaches that consider the problem of flexible rules,
although they do not consider the definition of a workflow. These allow a world to
be represented where changes can be made to the context of the problem. However, this
leads to the following problems:

• Complex rules (i.e., rules that are made up of other rules through disjunction and
conjunction) can return different results for the same input.

• Given that Petri-nets use decision thresholds to make decisions, calibrating this type
of system leads to a high overhead for incorporating flexibility.

3 Integration of Workflows and Rules

This study proposes the definition of a framework for integrating workflow and rules,
with a methodology for verifying properties. An approach like that described in [27]
is used to develop the integration between workflow and rules. With this approach, the
following elements must be defined separately:
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• The definition of the rules that govern the application’s domain. These rules are
defined as they are logic propositions, programed in a certain language. With this,
two types of rulesmust be distinguished: those which are invariant to the application’s
state (i.e., that must always be met), and those which regulate the change from one
state to another (i.e., those that are used to control the flow of the sequence of tasks).

• The definition of the workflow that represents the temporal sequence of the tasks to
be performed.

3.1 Formalization

This section gives a formal account of workflows integrated with rule. Before defining
our workflows, we define formally what we mean by a variable. We assume that a
variable v is a mathematical object with an associated domain Dom(v). An assignment
is a set of tuples(v,k), where v is a variable and k is a value in Dom(v). Given a set of
variables, a rule is defined inductively as:

• v OP K is a rule when OP is in, v is in V and K is a value in v’s domain.
• OR(R) where R is a finite set of rules. Intuitively OR is the Boolean OR operation.
• AND(R) where R is a finite set of rules. Intuitively AND is the Boolean OR operation.

The truth value of a rule r can be determined given an assignment a that assigns a
value to every variable in V. We say that r evaluates to true in A if r reduces to true given
the assignment A, and we say that r evaluates to false in A if r reduces to false given A.
An inductive definition is straightforward, and we omit it here. For example rule AND
(v = k, u > m) evaluates to true if A assigns k to v and A assigns a value to u that is
greater than m.

A workflow integrated with rules W is defined as a tuple, where:

• is a finite set of variables.
• is an (initial) assignment of values to all of the variables in V.
• is a set of sentences. There are two classes of sentences: (a) assignment of values to

variables, denoted by, where is in the domain of variable and (b), where is a value
and is a distinguished constant which intuitively denotes a procedure call.

• is a set of tuples where are sentences and is a rule.

Intuitively, tuples model transitions of the workflow. Tuple represents the fact that
after finishing the execution of the control will transfer to if takes the value True, and to
otherwise. To model unconditional transitions, which do not involve a rule (i.e., go from
one task to another regardless of the state), we can use an expression that is always true
(e.g.) for, and

• is the initial sentence.
• is the final sentence.
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3.2 Execution

Given a workflow integrated with variables, we now define the semantics of an execu-
tion. To this end, we start off by defining instant descriptions which are mathematical
representations of snapshots of the state of execution. Then we define how execution
can move from one instant description to another.

Formally, an instant description is a tuple, where is a sentence and is an assignment to
all variables in V. In addition, we define the binary relation between two instant descrip-
tions, such that intuitively means that is reachable from in one step of computation.
Formally, if and only if:

1. When then a′ is like a, but with the assignment of variable v replaced with value b.
Thus, a’ assigns all the variables in, in the same way as a, and assigns b as a value of
v.

2. If then is like, with v assigned to some value of the domain of
3. for some and some, belongs to and evaluates to true in or belongs to and evaluates to

false in.

An execution of is a sequence, where, and for all in.
An execution is successful if.

3.3 Formalization of Petri-Nets

A Petri-net P is defined as a tuple where:

• corresponds to the set of places
• corresponds to the set of transitions
• corresponds to a set of tuples of the form, where are places, while corresponds to a

transition, which directly relates two places to each other, from to.
• :initial place.
• :set of final places of the Petri-net

3.4 Translation

Given a workflow integrated with rules,W, we define below a procedure for generating
a Petri-Net

1. For each variable v, we define one place for each value in.
2. For each sentence, we define a place.
3. For each transition

a. If is or, we define two places, and.
b. If it corresponds to the assignment of a value to the variable, a transition, is defined,

where corresponds to the index of the sentence.
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4. Following this, a transformation pattern to Petri-net is applied to each sentence,
resulting in a sub-Petri-net.

5. After this, each resulting sub-Petri-net is added iteratively, depending on the function
of the associated transition. With this and depending on whether or not can be true or
false, the place represented by each value of the evaluated variables is added to the
corresponding entries to the sub-Petri-net that must be executed if is true or false.

An example of some of the transformation patterns are included below.:

• AND: a pattern that represents an AND conjunction is represented as a Petri-net with
as many entry places as there are rules in the conjunction. Each of these points to a
transition, which in turn is directed to an exit place. This also makes it possible to
add other conjunctions and disjunctions as they are also established as rules.

• OR: a pattern that represents an OR disjunction is represented as a Petri-net with as
many entry places and transitions as there are rules in the disjunction. Each entry
place points to a transition, and each transition points to the same exit place. This
also makes it possible to add other conjunctions and disjunctions as they are also
established as rules.

• Comparison = (equality): is represented as a Petri-net that has several entry places:
one that corresponds to the value of the variable that is being evaluated in the com-
parison (i.e., the answer to the rule is True), others that correspond to the values that
do not correspond to those that were evaluated (i.e., the answer to the rule is False),
as well as another place that corresponds to the previous task that comes before the
evaluation of the comparison. There are two exit places. The first is one that connects
the place corresponding to the value of the variable that returns True with the place
of the previous task using an AND. The other connects the places corresponding to
the values of the variable that return False with the place of the previous task using
an AND. Both have an exit place that connects with the sub-Petri-net that represents
the relevant task to be performed once the condition has been evaluated, regardless
of whether it is True or False.

Consequently, this work proposes the definition of a specification for flexible work-
flows, integrating domain rules with a technique for automated compliance assessment,
to satisfy performance, deadlock-freeness, and reachability in workflow execution. In
the field of learning design, rules specify corresponding pedagogical constraints; also,
workflow defines the learning flow proposed by a TEL application as an instance of a
learning design specification. Therefore, these elements must be defined independently
and consequently must be integrated in a common specification:

The definition of the rules that govern the learning design instance. Two types of
rules must be distinguished: those which are invariant to the application’s state (i.e., that
must always be met), and those which regulate the change from one state to another (i.e.,
that are used to control the flow of the sequence of tasks).

The definition of the workflow that represents the temporal sequence of the tasks in
the pedagogical plan.

In Fig. 1 is presented an example of this idea. Using Petri-net notation, a small
learning scenario is presented: an application for English pronunciation learning needs
to evaluate the correction in pronunciation in a certain word and the rightness in the word
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choosing process. These events in learning process, signed as “validatePronunciation”,
and “comparison”, correspond to the combinate use of a consume of an external service
of pronunciation evaluation, called in transition betweenOR andComparison stages, and
an internal decision process implementation (OR, Comparison, & AND stages). In the
first case, a “Decision as-a-service” approach is followed, similar to Hasić, et al. (2020)
work. In the second case, the Petri-net design uses well-known patterns to represent
corresponding explicit and implicit pedagogical constraints. In this example, the changes
are limited to adding and modifying tasks, but do not allow pedagogical constraints to
be incorporated in the workflow as a mechanism to establish a transition from one task
to another. Therefore, the validation of the changes is based on how these constraints
match with the patterns in Petri-net.

Fig. 1. Example of workflow specification translation into a Petri Net.
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Context: A student must correctly pronounce a word. They have three opportunities 
to do so.

Rules (in natural language)
R1: The word must be correct to advance to the next activity
R2: There are three opportunities to correctly pronounce a word
Variables (V) and their initial configuration ()
correctWord = 0, attempts = 0;

Formalized rules
: correctWord = 1
: OR(attempts = 0, attempts = 1, attempts =2)

Tasks
t0: sinit
t1: isCorrect := 0;
t2: isCorrect := validatePronunciation()
t3: attempts = attempts + 1
t4: send

Transition function (T)
<t0, {1=1},t1,t1>
<t1,{1=1}t2,t2>
<t2,r1,t4,t3>
<t3,r2,t2,t4>

Goals (G)
<isCorrect = 1, t4>

3.5 Implementing the Formalization

BPEL is used to define theworkflow to implement themethodology. BPELwas chosen as
the language for representing theworkflowsbecause it is considered the industry standard
and because it fully integrates into a service architecture. Furthermore, there are stan-
dardized methodologies for BPEL, as well as automatic translations to representations
in Petri-nets. More specifically, the following tasks must be carried out:

• Define aWSDL file that represents the rules as a service. In this file, each rule is used
through an entry-point. With this, the coding of the rule remains independent from
the BPEL.

• Define synchronous calls to service in the BPEL that represents the workflow. This
service represents the rules using the invoke and receiveBPEL commands. The invoke
command will reference the corresponding rule (using the name of the corresponding
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entry-point) and the receive command will save the result of the request (true or false)
for use controlling the flow of the application.

The BPEL2oWFN tool is used to translate the workflow to Petri-nets (Lohmann,
2007). This allows the translation to multiple representations of Petri-nets, to which
the formalization presented above adjusts. To integrate the resulting Petri-nets, of both
the workflow and the rules, a semi-automatic methodology was used to recognize the
places and transitions in Petri-nets, based on the patterns used in the translation of
BPEL2oWFN.

With this it is possible to find the points where the requests are made to the service
representing the rules. Here, the initial and final points of the Petri-nets that represent
each rule are inserted.

3.6 Validation and Correction

A model-checker for Petri-nets must be used for verifying the properties. The chosen
model-checker is LoLA2 [28], which allows properties that are intrinsic to the Petri-
nets to be examined, as well as ad-hoc properties that are expected of the domain (i.e.,
adherence to the proposed rules). These properties must be analyzed every time there is
a change to the application, whether it be to the workflow or the rules. The properties
that were analyzed are the following:

• Deadlock-freeness analysis: checks whether there are any possible configurations of
the Petri-net that led to deadlock. It does not require parameterization.

• Reachability analysis: checks that each of the expected states is reached (i.e., the
goals defined in the workflow). It requires the specification of the test input sets.

• Safety-Liveness analysis: Determines the temporal logics according to the sequence
of the workflow. To be evaluated, the valid sequence of steps in the workflow is deter-
mined, before determining whether the rules are adhered to. To follow the indicated
flow, the proposed rules must also be followed. Therefore, the introduction of valid
inputs (i.e., the evaluation of reachability)must be analyzed together. The inputmodel
consists of the following elements:

o Petri-net with model to be tested
o Valid and invalid inputs for each rule
o Expected states (post-conditions or goals)
o Valid sequences within the context, written in Linear Temporary Logic – LTL –.
Themodel-checker generates a combination of possible sequences (not necessarily
feasible and/or consistentwith the rules),with the aimof testing thePetri-net against
boundary conditions.

Given that the Safety-liveness evaluation includes the other properties, the resulting
output from the verification is the following:

• Safety-liveness evaluation indicates points in the Petri-net where all of the possible
combinations of sequences fail.

• Reachability evaluation: indicates whether all the expected states were reached.
• Deadlock-freeness evaluation: indicating the points in the Petri-net where deadlocks

occur.
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4 Validating the Proposal

Anextensionof the scenario presentedby [29]was used to validate the proposal presented
in this study. This scenario consists of an application for learning a foreign language,
based on single-display groupware and collaborative learning. In the original application,
three students work in front of a shared screen, interacting with the application using
headsets. The application allows the students to carry out activities which develop their
grammar, vocabulary, listening skills and pronunciation. Automatic feedback is given
by the system using a speech recognition engine and speech synthesizer. Both the use
of multimedia in this scenario (such as the speech engines), as well as the collaborative
learning dynamic, are of interest to this study because, based on these, new requirements
can be developed. With these new requirements it is possible to formulate new task
definitions and make changes to those that already exist. This enables the definition of
a new scenario using a flexible workflow. With this, the original scenario is extended to
include the following features:

• Interconnection between the computers where the activity takes place.
• Unbalanced distribution of resources. E.g., not all the computers necessarily have a

speech-recognition engine available all the time.
• Possibility for the teacher to change the sequence that is followed during an activity:

adding new tasks, modifying tasks, changing certain rules etc.

4.1 Instance for the Integrated Framework for Workflows and Rules

The methodology proposed in this study was followed to develop this scenario. First,
the pedagogical rules that govern the system were clearly defined. In parallel to this,
the sequence of tasks was also defined. Each rule is specified by an ID, with the aim
of categorizing the purpose of each rule and detecting possible dependency between
rules. There are two types of rules: rules that must be followed for there to be a specific
transition between tasks in the workflow (IR), and rules that must always be followed
for there to be any transition between tasks in the workflow (RR). The repetition of a
figure in the ID indicates that there is dependency between rules. For example, rule 05IR
depends on rule 055IR.

4.2 Instance of the Validation Model

To validate the implementation of the proposed methodology, it is necessary to validate
the fulfilment of all the elements that comprise the pedagogical context. In this case, this
corresponds to the pedagogical rules and respective sequence of tasks. The evaluation
criteria used will correspond to properties that can be evaluated in a Petri-nets model
(Table 1).
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Table 1. Elements to evaluate and properties evaluated in the respective elements.

Element to be evaluated Properties of the element evaluated

Adherence to pedagogical rules Reachability, Deadlock-freeness

Adherence to expected sequence Safety-liveness (using LTL), Deadlock-freeness
and Reachability (derived from the adherence
to the pedagogical rules)

4.3 Defining Alternative Situations

One aspect to evaluate is the robustness of the proposal presented in this study when
faced with the incorporation of new tasks and changes to existing tasks. With this, a
set of alternative situations to the existing sequence determined by the workflow and
rules is defined. These are then incorporated into the modelling of the problem. When
incorporating these situations, it must be verified that there are no inconsistencies with
the pre-defined rules. Adherence to the pedagogical rules and expected sequence must
also be evaluated, based on the properties included in Table 1. The definition of the
alternative situations can be found in Appendix I, with the respective rule that triggers
each one. A nomenclature like that used for rules was adopted to identify the alternative
situations, using the keyword RP.

4.4 Test Cases

To carry out the validation, simulations are performed using the Petri-nets that were
generated based on the transformation methodology proposed in Sect. 3.4. Different
models were created based on the definition of the proposed pedagogical scenario:
one that considers the original sequence of tasks, and three others that each separately
incorporate an alternative situation. With this, the robustness of the modelling can be
analyzed separately for each of the proposed alternative situations.

The use of 1, 2, 3, 4 and 5 nodes were considered for evaluating each of thesemodels.
A limited number of nodes were used as it measures the robustness of the modelling
without considering requirements of scalability. According to the definition of the sce-
nario, each node corresponds to a computer shared by 3 students. Each configuration
is tested using both valid and invalid input sets with regards to the specifications of the
scenario. The respective models were coded using LTL to evaluate adherence to both
the expected execution sequence, as well as the execution sequences deriving from the
alternative situations. This code is used by the model-checker to evaluate the validity
of the Petri-net in following the tested sequence. Furthermore, the model-checker also
generates the entire set of combinations for the order of tasks for each of the test cases.

4.5 Results

As described in Sect. 3, the analysis of the results is focused on the behavior of the
Petri-net with regards to the properties that it must fulfil. In the proposed scenario, this
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analysis is performed for the aspects detailed below. Together, these aspects allow the
validity of the modelling to be checked in terms of its translation to Petri-net, as well
as in terms of the properties that must be fulfilled when incorporating changes into the
original formulation, as described in Table 1. The aspects are as follows:

• Appearance of inaccuracies (i.e., violations of the rules) in the model for all the test
cases. This is implicit in the reachability analysis and LTL.

• Detection of deadlock-freeness problems when expected.
• Detection of reachability (i.e., fulfilment of the expected states).
• Detection of problems in LTL (i.e., if an expected sequence is not adhered to).

4.6 Detection of Deadlocks

The appearance and detection of deadlocks was observed when there was no alternative
to the use of the speech recognition engine. No other deadlocks appeared (Table 2).

Table 2. Results of the deadlock-freeness analysis.

Scenario Scenario Scenario Scenario Scenario Scenario

1 node 1 node 1 node 1 node 1 node 1 node

2 nodes 2 nodes 2 nodes 2 nodes 2 nodes 2 nodes

3 nodes 3 nodes 3 nodes 3 nodes 3 nodes 3 nodes

4 nodes 4 nodes 4 nodes 4 nodes 4 nodes 4 nodes

4.7 Reachability Analysis and LTL

Reachability analysis is performed implicitly when evaluating the expected sequence
order using LTL. This is because not adhering to the sequences ensures that not all the
expected states are reached in the Petri-nets. In particular, the following situations are
observed as causing problems with reachability:

• When the order of the tasks in the original sequence is automatically altered by the
model-checker (i.e., models generated by themodel-checker vs. expected sequences).

• When there is incorrect input. With this, not all the expected states are reached.

In the reachability analysis for the cases that were used to test the proposedmodelling
it can be observed that all the expected states are achieved when inserting alternative
situations (Table 3).
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Table 3. Results of reachability and LTL analysis.

Scenario 1 node 2 nodes 3 nodes 4 nodes 5 nodes

Change in order of tasks Fail Fail Fail Fail Fail

Incorrect input Fail Fail Fail Fail Fail

Original Ok Ok Ok Ok Ok

Original + 10RP Ok Ok Ok Ok Ok

Original + 11RP Ok Ok Ok Ok Ok

Original + 12RP Ok Ok Ok Ok Ok

5 Conclusions

The research question “Is it possible to incorporate complex rules into an imperative
workflow so as to allow dynamic changes (during run-time), both to the properties that
govern it as well as the order in which the tasks are defined and performed, guaranteeing
the integrity of the rules that govern the problem’s domain?”,was answeredby creating an
integrated framework when developing an imperative workflow. This framework allows
rules to be explicitly incorporated, as well as offering great flexibility in a distributed
setting. This was achieved by proposing a definition of the workflow using BPEL and
integrating rules using service orientation approach. The changes that were introduced
can be introduced at any point of the workflow and rules. These changes include adding
and eliminating tasks, changing a rule, and changing the order of the tasks, and must be
programed in the same language as the language used to program theworkflow and rules.
Both the workflow and rules are translated to Petri-nets to check that these changes are
consistent. This answers the research question “Is it possible to define a methodology
for automatic property verification based on Petri-nets for the workflow proposed in the
first research question?” To do so, a methodology was proposed in which the workflow
and rules are translated to Petri-nets and then integrated into a single network. This
allows the validity of the changes that were introduced to be evaluated jointly, verifying
intrinsic properties of the Petri-nets and Linear Temporal Logic.

Based on the execution of the example presented in this study, it was seen that the
proposal is robust when incorporating alternative situations into the original sequence of
tasks. Alternative situations were formulated based on the requirements of the problem,
with the observation that the expected results were achieved in terms of the properties
of deadlock-freeness, reachability, and safety-liveness. The latter of these is a critical
property as it considers the adherence to an expected order of the tasks, meaning that the
other properties depend on safety-liveness. In the context of the application presented
in this study, the use of collaborative learning allowed for more complex dynamics to
be developed, including sequences with interdependency between the activity’s par-
ticipants. With this, any change to the order of the tasks has a high incidence in the
non-fulfilment of safety-liveness. This is contrasted with the incorporation of new tasks
within the sequence. In that case, the original sequence ismaintained but newpossibilities
are added to the activity. These can bring with them possible pedagogical requirements,
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or indeed they can correct certain problems that could have otherwise hindered the
fulfilment of the pre-defined requirements.

As shown in Sects. 3 and 4, certain steps of the methodology were done semi-
automatically. This made it difficult to use the methodology transparently in a real
setting. It remains as future work to build a workflow engine that automatically carries
out all the stages in the methodology. Another limitation is related to the reach of the
requirements of the problem that was presented in this study, as is a scalability analysis.
With this, the growing incorporation of more multimedia resources and a larger number
of nodes remains as future work. Finally, another limitation has to do with the generic
nature of the scenario that was presented. Although a pedagogical setting was chosen as
the basis for this study, the reach of the proposed methodology is not restricted just to
this context. However, the chosen scenario must have characteristics, which allow the
requirements relating to flexibility to be formed, as well as the definition of the rules
that govern the domain of the problem, with the aim of satisfying the model presented
in this study.
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