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Abstract

Business Process Management is a technical discipline which has an increasingly sig-
nificant impact on the way organizations carry out their work, and create value, thanks
to automation. The support of information systems to a faithful modeling of business
processes is essential for making process automation beneficial to stakeholders.

Among the several perspectives of a process, the temporal perspective needs par-
ticular care. Capturing all temporal requirements, guaranteeing timeliness of response
and operation, finding agreements around which temporal guarantees can be achieved
in a collaboration, are all tasks which process designers need to cherish. Poor time
management in business processes, starting from the design of temporal requirements
of a process, may lead to a number of consequences, which range from mildly incon-
venient to fatal.

A number of shortcomings can be observed in the current design time support to
time management for process designers. These shortcomings include inadequate mod-
eling language expressive power, insufficient enforcement of business secrecy, and lack
of consensus on a criterion for considering process models to be temporally correct and
thus qualified for being executed.

With this work we take the challenge of increasing the expressive power of mod-
eling languages for business processes, by introducing temporal variables. Temporal
variables are data elements which allow the expression of temporal information. We
show how temporal variables allow process designers to overcome shortcomings of
current modeling languages, such as inadequate expressive power for the definition
of a wide range of temporal constraints, and lack of support to business secrecy in
time-constrained cross-organizational processes. We also show how, by leveraging on
existing formalisms for temporal reasoning, process designers can be assisted in ver-
ifying the temporal correctness of their models, and in computing missing temporal
information holding temporal correctness guarantees.
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Chapter1
Introduction

1.1 Motivation

A structured approach to the design and execution of business processes has been put

in practice in the last decades, with indubitable bene�ts in the way companies and

organizations accomplish their goals and create value. Business Process Management

(BPM) and process automation, with the adoption of work�ow technology, Enterprise

Resource Planning (ERP) systems, database systems, and other IT-driven solutions,

are key factors for the success of the process-oriented paradigm. It is expected that

the next decades will witness an increasingly pervasive adoption of such automated

solutions [ 74, 148].

A particular bene�t of automation resides in the automatic management of process

requirements, instead of delegating it to humans. Automation in the management

of requirements offers advantages, such as reduced quality �uctuations, and deter-

ministic response during process execution. To enable automation it is necessary to

adequately model, in a process speci�cation, all its requirements. In particular, tempo-

ral requirements are a crucial part of a process speci�cation. Failing to meet a temporal

requirement may lead to the violation of a contract, of an obligation, of an expectation,

or even of the law. The consequences of not meeting a temporal requirement include

reduced trust, high compensation costs, and potential cascading failures [ 58].

1



2 1 Introduction

1.1.1 Modeling Temporal Requirements

Temporal requirements is a broad term, which translates to a number of process ele-

ments. These elements are related to the temporal dimension of a process, and include

in particular durations, temporal constraints, deadlines. A duration refers to the time

span required for the execution of some process task. A temporal constraint re�ects

the requirement that a certain amount of time is allowed to elapse between two events

during the execution of a process. Deadlines, instead, specify points in time which

represent a temporal limit for the occurrence of events.

Temporal constraints are requirements, which state that certain time spans must

be ensured between two given events. We consider here upper-boundand lower-bound

constraints. Upper-bound constraints require a maximum lapse of time between two

events; conversely, lower-bound constraints require a minimum time lapse between

two events. So for instance, an upper-bound constraint may require that communi-

cating the result of a job application must be done within one week after the decision

about the chosen candidate was taken. Which are the events, on which such temporal

constraints can be imposed? Current process modeling languages allow the formula-

tion of temporal constraints which refer to process events only. These are events which

are bound to some control �ow elements, such as the start of the process or of an activ-

ity, or its end. However, there are real world scenarios in which also other events, such

as dates on documents, or events occurring at other processes, are used to establish

some temporal constraint. An example for such a requirement is the restriction of va-

lidity for a one-time password by giving a deadline, which may be communicated as

a timestamp, after which a login procedure using that password cannot be executed.

Of course it would be desirable for process designers, to be able to model business

processes which include also temporal requirements referring to events which are not

bound to any process task.

In addition to the need to set temporal constraints on events which are observable

within a process, but do not refer to any process event, is the problem of setting tem-

poral constraints in a cross-organizational setting. In cross-organizational processes,

a number of parties locally execute their processes in coordination with each other.

A temporal constraint in such a cross-organizational process is used to establish a re-

striction between events occurring at two different processes. This requires that the

involved parties have access to each other's local process implementation in order to

enforce the temporal constraint. However, at the same time, each collaborating party
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typically requires that no information regarding its local process implementation is

made public. This demand for secrecy is recognized to be in contrast with the ne-

cessity to establish temporal constraints which span across multiple processes in the

collaboration [ 60].

1.1.2 Verifying Temporal Correctness

In recent years there has been increasing consensus that real world processes distin-

guish between durations of two different types, which are inherent to the nature of

the task they are associated to. These two duration types are known as non-contingent

and contingent. A non-contingent duration is associated to a task which is under full

control of the executor, who can decide for how long the task is carried on, as long

as this duration is within a speci�ed interval. In contrast, a contingent duration is

associated to a task which is not under full control of the executor. In such a case, the

duration is merely observed, but not controlled. Examples for contingent durations

are durations for bank money transfers, or for chemical reactions in environments

whose physical-chemical setting cannot be controlled [ 2, 51].

The coexistence of contingent and non-contingent durations in processes makes the

scheduling of these processes quite dif�cult, since contingencies introduce a degree of

uncertainty, which makes the run time behavior of a process less predictable. Over the

years, however, the temporal problem associated to verifying the existence of a solution

for a set of temporal constraints and durations, some of which are not controllable,

has fostered numerous research efforts. The result is a number of elaborated notions

for temporal correctness, formalisms, and techniques, which make it possible to know

whether it is possible to compute schedules, which allow the ful�llment of any existing

temporal constraint, despite uncertainties.

Towards the modeling and veri�cation of temporal problems, extensive research

has been conducted in the last years, in particular around the formalism of Temporal

Constraint Networks (TCNs). TCNs have been proposed to support the solution to the

Simple Temporal Problem (STP) in [45]. Especially research from the Arti�cial Intelli-

gence community has produced further re�nements of these temporal networks, such

as extensions for representing contingent durations [ 115] or conditional executions

[136].

In parallel with the re�nement of the modeling capabilities of TCNs, sophisticated

notions for temporal correctness were further developed. Observing these advance-
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ments, the Business Process Management community started considering these works,

developing methods based on temporal networks for verifying the temporal qualities

of business process models, such as in [36]. Thus, resorting to TCNs is now a quite es-

tablished approach for the veri�cation of the temporal correctness of time-constrained

process models.

1.2 Aims

With this work we want to cater to the need to establish temporal constraints on

events which are not restricted to the control �ow of a single process. Instead, we aim

at providing process designers with an extended modeling language, which allows

them to refer to a broader set of events. These events include time points stamped in

artifacts manipulated by process tasks, and events occurring in other communicating

processes.

Extending the languages for process modeling as we intend to do here, requires

taking into account the need of process designers to verify the temporal correctness

of their process models. Of course, this means that, in the light of the advancements

in the theory, we need to consider the most re�ned notion for temporal correctness.

Currently, such a notion is known as dynamic controllability. Thus, with this work

we also aim at empowering process designers with methods to check the dynamic

controllability of process models, which are built around our proposed language.

1.3 Contributions

The contributions of this work are the following:

� A process model featuring temporal variables for representing events in time,

which allows the de�nition of a number of different process types: intra-

organizational processes, modularized processes, Web service compositions, and

cross-organizational processes.

� Mapping rules to map a process de�nition with temporal variables into a tem-

poral constraint network, for checking its dynamic controllability.

� A set of rules to derive restrictions on temporal variables of a process de�nition,

which are independent of any contingencies in the process de�nition.
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� A procedure based on these rules to derive restrictions on temporal variables,

which are necessary conditions to ful�l, in order to guarantee the dynamic con-

trollability of a process de�nition.

� A distributed procedure for the negotiation of restrictions on temporal variables

in cross-organizational processes, which guarantee the dynamic controllability

of all participating local processes.

1.4 Research Methods

The approach we take for solving the problems we target in this thesis is based on

design science methods, as described by Wieringa in [149].

In particular, in this thesis we provide a number of artifacts in the form of:

� Formal de�nitions for the formalization of concepts. We give de�nitions for

various process models, to represent different types of business processes; we

formally de�ne their semantics; we de�ne mapping rules to project the temporal

features of a process model into an equivalent TCN; we de�ne rules for inferring

temporal knowledge.

� Lemmas, Theorems, and Proofs for stating formal properties and substantiat-

ing them. We formalize as theorems and prove the correctness of a number of

observations on our de�nitions.

� Algorithms for de�ning procedures. We de�ne algorithms for checking the tem-

poral correctness of process models, for deriving new temporal knowledge, and

for computing agreements on temporal commitments.

� Implementation of algorithms for evaluating their feasibility and scalability. We

implement the proposed algorithms, and evaluate their behavioral properties.

1.5 Structure

The remainder of this thesis is structured as follows:

� In Chapter 2 we give an overview of the background concepts in business process

technology, and of the modeling and reasoning capabilities offered by Temporal
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Constraint Networks. The goal of this chapter is to provide an explanation of the

essential concepts at the basis of this work.

� In Chapter 3 we emphasize the limitations affecting current modeling languages

for business processes in relation to the expression of temporal requirements,

and to the veri�cation of temporal qualities of business processes. We use these

limitations as the motivation for the research questions driving this work, which

are also presented in this chapter.

� Chapter 4 introduces a new process model for the expression of business pro-

cesses, which features temporal variables as a means to model events which

current languages are not able to capture. We introduce a basic process model

for the expression of intra-organizational processes, and present extensions

to it, which allow us to capture also Web service compositions and cross-

organizational processes. In this chapter we additionally give a formalization

of the semantics of such process model, and show, through the means of exam-

ples, the temporal patterns enabled by the introduction of temporal variables.

� Chapter 5 digs into the problem of checking the temporal correctness of pro-

cess de�nitions, which are based on our proposed process model. We motivate

dynamic controllability as the notion which process designers should strive for,

and de�ne techniques, based on Temporal Constraint Networks, which can be

used for checking the dynamic controllability of process de�nitions which have

a complete speci�cation of their temporal requirements.

� In Chapter 6 we show how Temporal Constraint Networks may be used to de-

�ne techniques for computing missing temporal restrictions for process models,

such that their ful�lment gives guarantees of temporal correctness in the sense

of dynamic controllability. We show how these techniques may be used by ser-

vice providers in the context of Web service compositions, to compute Temporal

Service Level Agreements.

� In Chapter 7 we delve into the setting of cross-organizational business processes.

We show how our process model with temporal variables enables a secrecy-

oriented design of business collaborations, which require temporal coordination.

We stress the need for distributed procedures which compute temporal require-

ments agreed by all the parties in a collaboration. We propose a procedure for

the negotiation of temporal requirements on the temporal parameters exchanged

in a cross-organizational business process.
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� Chapter 8 discusses a number of research efforts which we see at the basis of our

contribution, showing how incremental efforts by a number of authors posed the

ground, which made this work possible. We also take a look at other research

contributions which are relevant in the domain of time management for business

processes.

� Chapter 9 summarizes this thesis, discussing the problems which remain open,

giving an outlook on future work.

1.6 Published Work

Part of the contents of this thesis have already been published in the scienti�c litera-

ture. Such publications are the following:

� Johann Eder, Marco Franceschetti, and Julius Köpke. Controllability of processes

with temporal variables. In Chih-Cheng Hung and George A. Papadopoulos,

editors, Proceedings of the34th ACM/SIGAPP Symposium on Applied Computing,

SAC 2019, Limassol, Cyprus, April8-12, 2019, pages40-47. ACM, 2019. [51]

� Marco Franceschetti and Johann Eder. Checking temporal service level agree-

ments for web service compositions with temporal parameters. In Elisa Bertino,

Carl K. Chang, Peter Chen, Ernesto Damiani, Michael Goul, and Katsunori

Oyama, editors, 2019 IEEE International Conference on Web Services, ICWS2019,

Milan, Italy, July 8-13, 2019, pages443-445. IEEE,2019. [62]

� Marco Franceschetti and Johann Eder. Computing ranges for temporal parame-

ters of composed web services. InProceedings of the21st International Conference on

Information Integration and Web-based Applications & Services, iiWAS2019, Munich,

Germany, December2-4, 2019, pages537-545. ACM, 2019. [63]

� Marco Franceschetti and Johann Eder. Dynamic service binding for time-aware

service compositions. In 23rd IEEE International Enterprise Distributed Object Com-

puting Workshop, EDOC Workshops2019, Paris, France, October28-31, 2019, pages

146-151. IEEE,2019. [64]

� Marco Franceschetti and Johann Eder. Computing admissible temporal slas for

web service compositions. In 2020IEEE International Conference on Web Services,

ICWS 2020, Beijing, China, October20-23, 2020(forthcoming),2020. [66]
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� Marco Franceschetti and Johann Eder. Designing decentralized business pro-

cesses with temporal constraints. In CAiSE Forum 2020, Held at CAiSE2020,

Grenoble, France, June8-9, 2020(forthcoming),2020. [67]

� Marco Franceschetti and Johann Eder. Negotiating temporal commitments in

cross-organizational business processes. In27th International Symposium on Tem-

poral Representation and Reasoning, TIME2020, Bolzano - Bozen, Italy, September

23-25, 2020(forthcoming),2020. [68]
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Chapter2
Background

The widespread adoption of Business Process Technology which took place in the last

decades at both enterprise and organizational level has been an enabling factor for

increased ef�ciency, and operational cost reduction, and it facilitated the cooperation

between different entities. However, despite the numerous challenges which have

been addressed to make Business Process Technology possible and usable, there are

still challenges which remain unaddressed.

Contextually, signi�cant advancements have been accomplished in the research

around time-related problems in various application areas, such as Arti�cial Intelli-

gence, planning, and scheduling. In particular, in the last three decades, the formal-

ism of Temporal Constraint Networks has seen increasing attention from researchers.

These research efforts have produced important results, such as increased expressive-

ness, and effective algorithms to provide answers to questions around the temporal

correctness of such networks. We consider it as a prime time now, for Temporal

Constraint Networks, to become the formal framework for addressing the temporal

problems in the �eld of Business Process Technology.

In this chapter we discuss the current state of the art in the two streams of research

of Business Process Technology and Temporal Constraint Networks, as a basis for the

following discussion, which we present in the next chapters. We �rst give an overview

of Business Process Technology, provide de�nitions for the concepts and terms in

the area of business processes, and discuss the major challenges and areas of research

which have been addressed. We then give an overview on the existing work in the area

of Temporal Constraint Networks, upon which we will build part of our contribution.

9
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2.1 Business Process Technology

The �rst stream of research at the basis of this thesis is the work around the IT sup-

port to Business Process Management, in particular the work on process design. We

introduce here the most important concepts in the area, repeat the most important

term de�nitions, and give an overview on the reference architecture as de�ned by the

Work�ow Management Coalition.

2.1.1 Historical Aspects of Business Process Technology

Business Process Technology can be dated back to the1980s, with the adoption of so-

lutions for of�ce automation, database management, and electronic communications.

One of the novelties of Business Process Technology as intended today, however, is the

separation of the process logic form the application logic in a work environment which

is both technical and process oriented [148]. Often cited advantages of the interplay of

structure and automation include clear de�nition of responsibilities, transparency over

the progress of execution, predictability of execution times, reduced communication

costs and times, support to systems interoperability through de�ned interfaces.

The growing interest and increasing adoption of Business Process Technology led,

in 1993, to the founding of the Work�ow Management Coalition ( WfMC). The WfMC

is an international organization which puts together vendors, analysts, users, and

researchers of Business Process Technologies, with the initial goal of harmonizing and

making inter-operable different work�ow systems. The work of the WfMC resulted,

among other contributions, in the de�nition of a glossary, and the standardization of

work�ow system architectures, interfaces, and process de�nition languages. We give

an overview of these results in the next sections.

2.1.2 Business Process Concepts

The very �rst concept which needs to be de�ned is that of business process. Weske

states thata business process consists of a set of activities that are performed in coordination in

an organizational and technical environment[148]. This de�nition captures the nature of

close interplay between human and technology which is crucial for increased ef�ciency

of business processes, as opposed to a traditional, unstructured way of organizing

work.
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Due to the widespread adoption of Business Process Technology, a whole disci-

pline of Business Process Management(BPM) developed around the concept of business

process. With BPM we refer to the formalization of concepts and terms, and to the

techniques supporting the business process lifecycle.

The business process lifecycle includes the phases ofprocess identi�cation, process

discovery, process analysis, process redesign, process implementation, and process monitoring

and controlling. We give a brief overview of the lifecycle phases here. A much deeper

insight can be found in [ 49]. In the process identi�cation phase, the aim is identifying

a relevant business problem and the processes which exist around it. With the pro-

cess discovery phase, these processes are documented with the use of some modeling

language. A wide number of notations exists for this purpose, the most common of

which will be presented in Sect. 2.2. As pointed out in [ 49], this phase is frequently

referred to as process design, even though the argument against such a term is that in

reality processes already exist, at least in some abstract form, therefore a notion of cre-

ating something ex nihil is not appropriate. The phase of process analysis is aimed at

the identi�cation, and possibly prioritization, of a set of issues which are associated to

a discovered process model. Such issues are addressed in the process redesign phase,

which is in fact intertwined with the process analysis phase. Process implementation

is the phase in which the changes to apply to an existing process are put in place to

transform it into a redesigned process. This phase may involve both organizational

aspects, as well as technological ones, in particular the development and deployment

of process automation. During the enactment of implemented process instances, mea-

surement of metrics and generation of logs take place. This information is used in

the monitoring and controlling phase by applying several techniques, such as pro-

cess mining, which aim at assessing the quality of a process and identifying potential

bottlenecks, as well as improvements. Decisions stemming from the monitoring and

controlling phase may trigger new iterations of the lifecycle, for a continuous improve-

ment of business processes.

From the business process lifecycle, an important distinction emerges between two

distinct macro phases in the life of a process: design time, and run time. Design time

comprises the phases of process identi�cation, analysis, redesign, and implementation.

Run time is the phase in which a process is put into action and is being executed.

Depending on the macro phase considered, different operations may be performed

on a process model for evaluating it: for instance, at design time certain temporal

reasoning procedures may be applied to discover the temporal qualities of a process
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model without executing it, but with the advantage of avoiding potential real-world

consequences caused by its execution. On the other hand, run time based operations

such as process mining may take advantage of real data generated by the execution of

a process model, which re�ect its actual characteristics.

2.1.3 Terminology

The WfMC, in its glossary �st published in 1994and subsequently revised [27], gives

technical de�nitions for concepts and terms which are used in the context of Work�ow

technology, which here we call Business Process Technology. The declared intent for

producing such a glossary was fostering the adoption of a consistent language among

the industry. The glossary was consistently adopted also by researchers; in recent

years, however, the scienti�c literature started increasingly using synonyms for some

of the terms. Some of these synonyms will be used throughout this work for consis-

tency with this trend. Therefore, we report here the original de�nitions which are the

most relevant for a proper understanding of the rest of this dissertation, together with

their now more commonly used synonyms. Verbatim citations from [ 27] are in italics.

� Business ProcessA set of one or more linked procedures or activities which collectively

realise a business objective or policy goal, normally within the context of an organisa-

tional structure de�ning functional roles and relationships.

� Process De�nition The representation of a business process in a form which sup-

ports automated manipulation, such as modelling, or enactment by a work�ow man-

agement system.The process de�nition consists of a network of activities and their rela-

tionships,criteria to indicate the start and termination of the process, and information

about the individual activities, such as participants, associated IT applications and data,

etc.

Alternatively, we often refer to a process de�nition as a process modelor process

implementation.

� Work�ow The automation of a business process, in whole or part, during which docu-

ments, information or tasks are passed from one participant to another for action, accord-

ing to a set of procedural rules.

With a certain degree of �exibility, we use the term processas an alternative way

to refer to a work�ow.
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� Work�ow Management System A system that de�nes, creates and manages the ex-

ecution of work�ows through the use of software, running on one or more work�ow

engines, which is able to interpret the process de�nition, interact with work�ow partici-

pants and, where required, invoke the use of IT tools and applications.

� Activity A description of a piece of work that forms one logical step within a process.

An activity may be a manual activity, which does not support computer automation, or

a work�ow (automated) activity. [...]

As synonyms for activity, we also use the terms stepand node.

� Instance The representation of a single enactment of a process, or activity within a

process, including its associated data. Each instance represents a separate thread of

execution of the process or activity, which may be controlled independently and will have

its own internal state and externally visible identity, which may be used as a handle, for

example, to record or retrieve audit data relating to the individual enactment.

We often refer to an instance as atrace.

� Participant A resource which performs the work represented by a work�ow activity

instance. [...]

Often the term actoris used instead of participant.

The WfMC provides an illustration which emphasizes the relationships between

the concepts listed above. We report it in Fig. 2.1.

2.1.4 The WfMC Reference Architecture

The de�nition of a reference architecture for a Work�ow Management System is a ma-

jor result of the WfMC efforts to standardize Business Process Technology. It provides

a guideline for the design of a work�ow management system, characterized by clear

separation of concerns and roles and responsibilities. The schema for the WfMC Work-

�ow Reference Architectureis depicted in Fig. 2.2; in the following we give an overview

of each architecture element and interface. More details can be found in [ 78] and in

the individual interface speci�cations provided by the WfMC 1.

The central element of the architecture is the work�ow enactment service, which con-

tains one or more work�ow engines. The enactment service is the component respon-

1https://www.wfmc.org/resources
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Figure 2.1: Relationships between basic terminology. Image from [ 27].

sible for the execution of process instances. Process instances are created after process

models stored in a work�ow model repository. The work�ow enactment service inter-

acts with other subsystems through a number of interfaces, each with a speci�c role

and goals. These interfaces are de�ned as follows:

� Interface1 - Process De�nitionconnects the enactment service to tools for the def-

inition of process models. The goal is to make it possible for any modeling

tool developed by any vendor to make the de�ned processes executable by the

engine.

� Interface2 - Client Applicationsis used for connecting client applications enabling

the interaction of human agents during the execution of a process instance. The
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Figure 2.2: Components and interfaces of the Work�ow Reference Model. Image from
[78].

goal is to let any client application access the work�ow engine to present users

the work items they are responsible for, and support them in completing their

tasks.

� Interface3 - Invoked Applicationssupports the invocation of external applications

which may be needed for task completion. The goal is to provide users an

integration with a heterogeneous set of applications from within the WfMS.

� Interface4 - Other Enactment Servicesallows for the interoperability across dif-

ferent work�ow engines to complete a work�ow instance. The goal is system

interoperability, in particular across different organizations, which may adopt

different work�ow engines.

� Interface5 - Administration & Monitoring connects administration and monitoring

tools for assessing the status at runtime of process instances and collecting mea-

surements. The goal of this interface is the potential optimization of processes

and organizational administration.
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We set our focus in particular on the �rst interface, for the de�nition of process

models. In the next section we devote our attention to the design of business processes,

giving an overview of the most widely adopted languages for de�ning process models.

2.2 Process Design

At the early stages of the process lifecycle is the phase of process design. Process de-

sign begins after the requirements collection phase. We focus here on the production

of a model for a process, in particular on the process aspects which need to be mod-

eled, and the most widely adopted languages, which allow the representation of these

aspects.

2.2.1 Aspects of Process Models

It is recognized that process designers, in order to produce faithful process models,

have to consider different aspects of their processes. We brie�y discuss these as-

pects here, highlighting the importance of an aspect which is often not suf�ciently

addressed: the temporal aspect.

� Functional Aspect: The functional aspect of a process regards the tasks which

compose the process, realizing the required functionalities.

� Behavioral Aspect: The behavioral aspect deals with de�ning the order in

which the tasks are executed, which is known as the process control �ow.

� Informational Aspect: The informational aspect is concerned with the work

items which are manipulated by the process tasks.

� Organizational Aspect: The organizational aspect links the tasks, the control

�ow, and the information �ow with the structure of the organization which exe-

cutes the process.

� Operational Aspect: The operational aspects involves the IT systems and tech-

nologies required for the execution of automated or semi-automated tasks, and

the physical resources needed for the non-automated tasks.

� Temporal Aspect: While it is often seen as a facet of the behavioral aspect,

since it strictly in�uences the execution of the tasks, we explicitly advocate for
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considering the temporal aspect as one of the main aspects, which need to be

taken into account when modeling a process. In the temporal aspect we include

the de�nition of task durations, deadlines, and of temporal constraints which

restrict the times of occurrence of events, such as the start of a task execution.

In the following we discuss how these aspects can be modeled through some of the

most widely adopted process modeling languages.

2.2.2 Process Modeling Languages

When it comes to the task of creating a business process model, the �rst question is

which language to usefor representing such process model. Similar to programming, a

variety of paradigms exists to approach the modeling phase. For instance, a declara-

tive paradigm sets the focus on the sequence of different states which characterize the

execution of a process from start to end. On the other hand, an imperative paradigm

de�nes a process in a normative manner, e.g., by stating the sequence of actions to

be executed. For each paradigm several modeling languages exist, each of these lan-

guages being focused in particular on one or more speci�c aspects. We brie�y present

an overview of the most common languages, highlighting the aspects of process mod-

els they focus on.

Petri Nets and Work�ow Nets

Petri nets are a formalism introduced by Carl Adam Petri in [ 121]. Petri nets enable

the expression of behavioral properties of systems, in the form of state changes.

The building blocks of Petri nets are places, transitions, tokens, and arcs. Tokens

can be distributed on, and moved between, places. The placement of tokens in the

places of a Petri net determines its con�guration, which is the representation of a state.

Arcs from places to transitions, and from transitions to places, determine the allowed

�ow of tokens between places. Thus, the possible token �ows represent the possible

evolution of states.

A simple example for a Petri net is shown in Fig. 2.3. In the Figure, p1 to p8

are places;t1 to t7 are transitions; arcs are between places and transitions. In the state

(also called marking) depicted in the �gure, a token is present in place p1, and another

token is in place p7. The next possible state (reachable marking), by executing (�ring)
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Figure 2.3: Example for a Petri net.

t1, would lead to no token present in p1, and one token present in p2 and one token

in p3. The token in p7 would not be moved anywhere instead.

Petri nets are frequently used to represent the behavior of business processes, since

they offer an effective way to model the possible state transitions, which may occur

during the execution of a process. An early proposal for the adoption of a variant of

Petri nets in work�ow systems can be found in [ 61]. The adoption of Petri nets for

modeling business processes is motivated in [138]. In the same work, the author de-

�nes Work�ow Nets. Work�ow Nets are a specialization of Petri nets, which imposes

restrictions on the usage of the Petri net formalism to faithfully represent the behavior

of process models. An overview on the work supporting the modeling of processes

using Petri nets can be found in [ 129].

Advantages of Petri nets over other formalisms include the support for the sim-

ulation, as well as the veri�cation of certain structural and behavioral properties of

process models, such as the freedom from deadlocks. In spite of the development of

extensions for Petri nets such as the Coloured Petri nets (see [85, 101]) and the Timed

Petri nets (see [157]), and their adoption for representing business processes, support

for a comprehensive modeling of the various aspects of a process is still lacking within

this formalism.
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Figure 2.4: Example for a Work�ow graph from [ 53].

Work�ow Graphs

Work�ow graphs have been introduced in [ 127, 128] as an alternative to Work�ow

nets for representing business processes. The goal was to provide a generic language,

compliant with the initial indications of the WfMC, which could be used to de�ne and

manipulate process models, as well as verifying their structural properties.

Work�ow graphs comprise constructs for the representation of control �ow ele-

ments such as tasks, and or-splits. They also allow modeling both sequential and

parallel executions. In the initial work [ 127], the authors proposed a number of correct-

ness criteria for process models, and veri�cation procedures. These procedures were

further re�ned in [ 142], with an approach based on transforming Work�ow graphs to

Work�ow Nets.

Work�ow graphs as initially introduced mainly capture the functional and behav-

ioral aspects of a process model. However, Work�ow graphs have been extended with

several works, such as [53, 75], to increase expressiveness and capture, e.g., also the

temporal aspect of a process.

For the simplicity and generality of the language, we opt for de�ning the process

model we introduce in Chapter 4 as an extension of a Work�ow graph.

BPMN

Business Process Modeling Notation (BPMN) [119] was �rst formalized in 2004, and

reached its current version 2.0 in 2011 [1]. It is the de factostandard notation for

representing process models [150]. The reason behind the success of BPMN lies in

having managed to ful�ll two main goals at the basis of the development of BPMN:

facilitating modeling and communication, and being able to execute process models

without any additional operation required. Indeed, one of the reasons for the success
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Figure 2.5: Example for a Business Process Diagram for a cross-organizational process.

of BPMN is its intuitiveness, which allows the process models built using BPMN,

known as Business Process Diagrams (an example of which is shown in Fig. 2.5), to be

understood by stakeholders from the most diverse backgrounds [ 71]. Another reason

is the ease of transformation from a BPMN model into an object which can be directly

executed by a work�ow engine. A number of commercial tools, such as Camunda 2,

are available for the modeling and execution of BPMN-based processes.

BPMN 2.0 offers a large number of elements for modeling business processes. It

has been observed, however, that in practice only a limited subset of these elements,

with restricted semantics, is actually used in most process models [ 159]. Nevertheless,

despite Business Process Diagrams are able to capture, to different extents, the func-

tional, behavioral, informational, organizational, and operational aspects, numerous

extensions to the standard have appeared. The goal of these extensions is primarily

of increasing the expressiveness of process models, for instance for representing tem-

poral constraints [ 21, 69], or for supporting process monitoring [ 7]. None of these

extensions, however, really took off.

2https://camunda.com/
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Research efforts have been devoted to the analysis and veri�cation of BPMN-based

process models, e.g., [5, 18, 47, 124]. Most of the proposed approaches for checking the

various qualities of process models rely on mapping them into some other formalism.

Adequate support to the veri�cation of the temporal correctness of time-constrained

BPMN-based process models, however, still lacks.

2.3 Temporal Constraint Networks

The second stream of research at the basis of this thesis comes from research on tempo-

ral modeling and temporal reasoning. Modeling and reasoning about time are relevant

problems in several application and research areas, such as planning and scheduling,

Arti�cial Intelligence, and Business Process Management. Thus, there is a transver-

sal need for a general language for the modeling of temporal problems, and which

supports the attainment of solutions to these problems through mechanisms for tem-

poral reasoning. In this section we introduce the formalism of Temporal Constraint

Networks, which, due to its maturity, is our elective language to support temporal

modeling and reasoning in business processes.

2.3.1 Temporal Constraint Network Types

Temporal Constraint Networks (TCNs) are a widely adopted formalism for the rep-

resentation of temporal constraints between points in time, the veri�cation of the

temporal correctness of a given set of temporal constraints, and the computation of

schedules. At the basis is the idea of adopting a graph-based approach, in which

time points are represented as graph nodes, and (binary) constraints between them

are represented as weighted graph edges.

Several types of Temporal Constraint Networks, each with different levels of ex-

pressiveness, have been proposed over the years as a formal means to represent sets

of constraints and perform temporal reasoning on them. Here we give an overview of

these types of Temporal Constraint Networks, and discuss their peculiarities.
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Simple Temporal Networks

Simple Temporal Networks (STNs) were �rst introduced in [ 45] as a formalism to solve

the Simple Temporal Problem (STP). In the STP, a set of time points X1, ...,Xn, and a

set of constraints in the form of inequalities on the various X is are given. In particular,

given any two time points X i , X j , zero or one constraint of the form a � X i � X j � b can

be set between them 3. A solution for the STP is an assignment X1 = X1, ...,Xn = Xn

to the time points, such that all the constraints are satis�ed. Since each constraint can

be split in a pair of inequalities a � X i � X j and X i � X j � b, solving the STP thus

corresponds to solving a set of linear inequalities.

The essential contribution of [ 45] is the representation of the set of linear inequal-

ities as a directed graph, called Simple Temporal Network, in which nodes are used to

represent time points, and edges correspond to constraints between time points. In

particular, an edge from time point X i to time point X j with weight w, represents the

constraint X j � X i + w. A Simple Temporal Network is consistentif there exists at least

one solution to it, i.e. it is possible to �nd an instantiation for all time points such that

all constraints are satis�ed. From the observation that such a network forms a distance

graph, for which the minimum distances between pairs of nodes can be computed,

follows the importance of the following theorem, reported in [ 45], which states the

condition for consistency of a STN:

Theorem 2.3.1 (Shostak [133], Liao and Wong [ 100], Leiserson and Saxe [98]). A given

STP, T, is consistent if and only if its distance graph, Gd, has no negative cycles.

In essence, the proof of Theorem2.3.1 is based on the observation that a negative

cycle in the network induces a contradiction in the set of inequalities expressed by the

edges; and on the fact that the absence of negative cycles means that the shortest paths

between pairs of nodes are well-de�ned, hence the constraints can be satis�ed.

As a corollary to Theorem 2.3.1, Dechter et al. show that two consistent solutions

are those in which each time point is assigned its latest and earliest possible times dmax

and dmin, respectively. These values are the weights of the edges connectingzero to

the time point, and the time point to zero. Consequently, they also show that the set of

feasible values for time points is the interval [dmin, dmax], and an incremental solution

to the STP can be built from a partial solution by selecting appropriate values for time

points from these intervals, in such a way that all constraints are satis�ed.

3This does not exclude the existence of a constraint of the form a � X j � X i � b.
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Simple Temporal Networks rely on the freedom of choice of an executor for as-

signing values to all the time points, in order to satisfy all constraints. However, STNs

lack the expressiveness to model certain constraints which are guaranteed to hold, but

do not allow the executor to choose the values for time points. These constraints are

in particular necessary, when uncontrollable durations need to be represented: to this

end, a more re�ned type of temporal network needs to be introduced.

Simple Temporal Networks with Uncertainty

The Simple Temporal Problem under Uncertainty (STPU) has been introduced by Vidal

and Fargier in [ 144, 145], stemming from the consideration that not all durations are

under the control of an executor, i.e. the assignments of a time point may not be

controlled, but only be observed to fall within a given interval relative to some other

time point. These uncontrollable durations are called contingent.

As an extension of the STNs, Simple Temporal Networks with Uncertainty(STNUs)

serve as the formalism proposed in [ 144, 145] to solve the STPU. A STNU is a graph

comprising nodes and edges, which represent either contingent or controllable time

points and durations. We give a formal de�nition for STNU paraphrasing the de�ni-

tions given by Vidal and Fargier in [ 144, 145] and by Morris and Muscettola in [ 115]:

De�nition 2.3.1 (Simple Temporal Network with Uncertainty (STNU)) . A STNU is a

tuple hN, E, l , u, Ci , where:

� N is a set of nodes;

� E is a set of edges;

� l : E ! R [ f� ¥ g and u : E ! R [ f + ¥ g are functions mapping edges into real

numbers;

� C is a subset of the edges. The edges in C are contingent links, and the other edges are

non-contingent edges. For each contingent link e,0 < l (e) < u(e).

Contingent edges represent intervals whose duration cannot be controlled (using

the words of [ 115], they are controlled by Nature), but merely observed: they are, how-

ever, subject to the limits imposed by the functions l and u.

With the distinction between non-contingent and contingent edges, STNUs allow

capturing the contingent nature of certain durations. With STNUs the notion of con-

sistency becomes less adequate, requiring to de�ne some alternative, more advanced
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Figure 2.6: Example for a Simple Temporal Network with Uncertainty (STNU).

notion for temporal correctness. However, checking STNU temporal correctness, as

will be shown in the next section, still relies on verifying whether they induce nega-

tive cycles. Fig. 2.6 shows an example for a STNU: we represent contingent edges as

dashed and with a label, following the usual notation for STNUs (see [ 114]).

Conditional Simple Temporal Networks with Uncertainty

Tsamardinos et al. in [136] raised the objection that there exist application scenarios in

which the de�nition of a time plan depends on the values certain observed conditions

may take, determining the presence or absence of certain temporal constraints to ful�l.

This observation led to the de�nition of the Conditional Simple Temporal Problem

(CSTP), and the consequent formalization of the Conditional Simple Temporal Networks

(CSTNs) for modeling the problem.

The two temporal problems, the STPU and the CSTP, were merged by Hunsberger

et al. in [82], where a �rst de�nition of the Conditional Simple Temporal Network with

Uncertainty (CSTNU) can be found as a formalism to represent temporal problems

which combine observed uncontrollable conditions, and uncertain durations.

Basically, CSTNUs are an extension of the STNUs, which in addition have obser-

vation time points, and labels for the time points and edges. Each observation time

points is associated to a proposition, which corresponds to an observed condition.

Labels are conjunctions of positive or negative such propositions, which in essence

are used to represent scenarios. These scenarios are the possible executions of the

network, which depend on the conditions observed at the observation time points.
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The idea is that each time point and edge is associated with a condition, encoded in

the label. This condition re�ects the requirement that the corresponding event, resp.

constraint, must occur, resp. hold, under the condition expressed in the label. So

with this formal apparatus it is possible to model temporal problems, in which certain

events and constraints must belong to only certain scenarios.

To better understand the de�nition of CSTNU given by Hunsberger and Posenato,

and for consistency with their notation, we �rst report here their formalization of the

CSTN, on which they build the de�nition of CSTNU:

De�nition 2.3.2 (Conditional Simple Temporal Network (CSTN) [ 82]). A CSTN is a

tuple hT, C, L, OT , O, Pi , where:

� T is a �nite set of real-valued time points;

� P is a �nite set of propositions (propositional letters);

� L : T ! P� is a function that assigns a label to each time point inT ;

� OT � T is a �nite set of observation time points;

� O : P ! OT is a bijection that associates a unique observation time point to each propo-

sition;

� C is a set of labeled simple temporal constraints, each of the form(Y � X � d, ` ), where

X,Y 2 T , d is a real number, and̀ 2 P� .

Formally, a CSTNU is de�ned in [ 82] as a combination of CSTN and STNU as

follows:

De�nition 2.3.3 (Conditional Simple Temporal Network with Uncertainty (CSTNU)) .

A CSTNU is a tuplehT, C, L, OT , O, P, Li , where:

� hT , C, L, OT , O, Pi is a CSTN, as formalized in Def.2.3.2;

� hT , bCc, Li is a STNU, as formalized in [82], wherebCcis the set of constraints without

the labels, since they do not appear in STNUs;

� for each(A, x, y, C) 2 L , L(A) = L(C), and C contains labeled constraints,(x �
C � A � y, L(A)) .

Of course, as demonstrated in [82], since the CSTNU is a formalism built by com-

bining STNUs and CSTNs, any STNU and any CSTN can be represented as a CSTNU,

either without any propositional label (in this case, the empty label denoted with the

symbol � is used), resp. without any contingent constraints.
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Figure 2.7: Example for a Conditional Simple Temporal Network with Uncertainty
(CSTNU).

Fig. 2.7 shows an example for a CSTNU, where D? is an observation time point,

in which condition d is observed. Subsequent edges are labeled either withd or : d,

depending on whether they must hold if the observed condition holds, or not. For

compact representation, the �gure does not show the empty label, which is implicit.

Other Temporal Constraint Networks

To target temporal problems demanding higher expressive power, several other types

of Temporal Constraint Networks have been developed. These include the Disjunctive

Temporal Network with Uncertainty (DTNU, adding disjunctive constraints) [ 25], the

Conditional Simple Temporal Network with Decisions (CSTND, adding split decision

points, in which decision is taken by the executor) [ 15], the Simple Temporal Network

with Uncertainty and Decision (CSTNUD, combining STNU and CSTND) [ 152], the

Simple Temporal Network with Partially Shrinkable Uncertainty (STNPSU, adding

�exibility to partially restrict the intervals of contingent durations) [ 94], or the Simple

Temporal Network with Uncertainty and Resources (CSTNUR) [ 39]. Further analysis

of the differences between various types of Temporal Constraint Networks can be

found in [ 11].

Adoption of these more sophisticated Temporal Constraint Networks is not yet

as widespread as for the STNUs and CSTNUs. Additionally, the temporal reasoning

algorithms designed for these networks do not scale well due to the increased expres-

siveness, which makes each of these formalisms more complex. Thus, for this work we
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limit to considering STNUs and CSTNUs as formalisms for temporal reasoning which

provide suf�cient expressiveness.

2.3.2 Controllabilities

Due to the existence of contingent durations, the notion of consistency of STNs is not

viable in the context of the more expressive temporal networks. Vidal and Fargier

therefore de�ned the Simple Temporal Networks with Uncertainty (STNUs) along

with the notions of strong controllability, weak controllability, and dynamic controllability

in [ 144]. In the following we provide de�nitions for these concepts by paraphrasing

the formal de�nitions given in [ 144].

De�nition 2.3.4 (Strong Controllability) . A STNU N is Strongly controllable if and only

if there exists an assignmentd of the controllable time points such that, for each possible

assignmentw of the contingent time points of N,d is a solution to Nw , where Nw is N in

which the contingent time points have been �xed byw.

Basically, strong controllability requires the existence of a universal solution, valid

for all possible contingent durations, which can thus be computed once and for all.

However, such notion may be too restrictive since it give no �exibility of choice for the

assignment of controllable time points.

De�nition 2.3.5 (Weak Controllability) . A STNU N is Weakly controllable if and only if

for each possible assignmentw of the contingent time points of N there exists an assignment

d of the controllable time points such thatd is a solution to Nw , where Nw is N in which the

contingent time points have been �xed byw.

The notion of weak controllability, in contrast to strong controllability, requires

that the assignment of contingent time points is known, and after observing it, all

controllable time points can be assigned a value. For a weakly controllable network,

a set of control sequences (assignment of controllable time points) can be computed

beforehand for all possible contingent assignments, and applied as soon as their values

are known. Such a notion, however, is not applicable to dynamic domains, in which

not all contingencies are unveiled at once, but are observed as time goes on.

De�nition 2.3.6 (Dynamic Controllability) . A STNU N is Dynamically controllable if

and only if for each possible assignmentw of the contingent time points of N there exists an

assignmentd of the controllable time points such that, for all partial observation of previous
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contingent time points and for all possible future observation of future contingent time points,

the current partial assignment of controllable time points can be extended to a solution of N.

The notion of dynamic controllability is suitable for application domains in which

an executor, or controller, is required to take action in response to run time observa-

tions. In particular, dynamic controllability requires that, for all possible observations

of past contingent durations, the executor is able to assign values to the subsequent

time points, based on these observations, such that all temporal constraints are met.

How do these three types of controllability relate to each other? In [ 144] the authors

sketch proof of the following Lemma:

Lemma 2.3.1. Strong controllability =) Dynamic controllability =) Weak controllabil-

ity.

The proof is rather straightforward. For the �rst implication, it is suf�cient to ob-

serve that if a universal solution exists, then this solution can be dynamically applied.

For the second implication, the observation is that a dynamically constructed solution

for a given situation, constitutes a full solution for that situation.

Dynamic controllability is regarded as the most adequate notion for temporal cor-

rectness in presence of uncertainties. So now comes the question, on how to check

whether a given temporal network is dynamically controllable.

2.3.3 Checking Dynamic Controllability

Over the years, several algorithms have been proposed for checking the dynamic con-

trollability of a temporal network. We identify two main approaches: one based on

Timed Game Automata, and one based on constraint propagation. Here we give an

overview of these approaches.

Timed Game Automata-based Approach

Timed Automata (TAs) have been introduced in [ 4]. TAs are an extension of �nite

automata [79] with clocksand clock constraintsto measure time. Timed Game Automata

(TGAs) [26] are in turn an extension of TAs, in which the transitions are partitioned

into sets of controllable and uncontrollable transitions, to model the interplay between

controllable and uncontrollable assignment of timestamps to time points.
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The approach to checking dynamic controllability based on Time Game Automata

requires mapping a temporal network into a TGA, and checking dynamic controlla-

bility on this TGA. The check follows the principle of a two-players game, in which

the players' moves correspond to assigning timestamps to time points, realizing tran-

sitions. One of the players is the controller (the executor); the other player is the

environment ( Nature). The idea of the dynamic controllability check is then based on

verifying the existence of a winning strategy for the controller, to react to the moves

(transitions) performed by the opponent. If such a strategy exists, dynamic controlla-

bility is ensured. Such an approach to checking dynamic controllability through TGAs

is used, for instance, in [26, 152].

Constraint Propagation-based Approach

The most widely adopted approach to verify the dynamic controllability of a Temporal

Constraint Network is based on the propagation of the explicit temporal constraints,

which are encoded as the network edges. Through constraint propagation, new con-

straints in the form of implicit edges can be derived, according to a set of constraint

propagation rules.

Several sets of constraint propagation rules for deriving implicit edges have been

proposed over time, each set targeting a speci�c type of temporal networks. A set of

5 constraint propagation rules for STNUs has been introduced by Morris and Muscet-

tola in [ 115, 116]; a more recent set of 3 propagation rules for STNUs constitute the

RUL system by Cairo and Rizzi [ 17]. A signi�cant contribution to the development

of CSTNUs comes from the work of Combi, Hunsberger, and Posenato, who propose

constraint propagation rules, and analyze the constraint propagation algorithm com-

plexity in [ 33, 80, 82].

At the basis of the constraint propagation-based approach, is the observation that

a given con�guration of temporal constraints, which does not lead to a dynamically

controllable network, implicitly yields a contradiction. In particular, in a Temporal

Constraint Network, a contradiction corresponds to the existence of a negative cycle in

the graph resulting from the propagation of constraints [ 45]. Basically, the approaches

which rely on constraint propagation are aimed at verifying whether a negative cycle

can be derived from the existing con�guration of constraints. If, by iteratively deriving

implicit constraints in a Temporal Constraint Network, a negative cycle is found, then

the network is not dynamically controllable. Instead, if it is possible to reach network
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quiescence (i.e. no new constraints can be derived) with the repeated application of

constraint propagation rules, then it is concluded that the network is dynamically

controllable.

In Fig. 2.8 and Fig. 2.9 we show the constraint propagation rules de�ned by Morris

and Muscettola, and by Cairo and Rizzi, respectively. The set of rules from Morris and

Muscettola comprises 5 rules: No Case, Upper Case, Lower Case Cross Case, and Label

Removal. These rules, with the exception of Label Removal, are applied by considering

two consecutive edges and verifying whether some applicability conditions hold for

these edges. The rules derive a new edge, which connects the time points at the two

extremities of the sequence of edges, if the speci�ed applicability conditions hold.

A derived edge expresses a constraint, whose bound depends on the bounds of the

original constraints, and may bear an additional label, due to contingencies expressed

by the original edges. Labels may be removed from edges, through the application of

the Label Removalrule.

As an example, the No Caserule is applied unconditionally, when two consecutive

non-contingent edges connect a time point P to a time point Q, and the same time

point Q to a third time point R. The rule derives a new non-contingent edge directly

connecting P to R, whose weight is the sum of the weights of the original edges (see

Fig. 2.8).

The Upper Caserule is applied when a non-contingent edge from P to Q, with

weight v, is followed by a contingent edge from Q to AC, representing the upper-

bound of a contingent constraint, with weight w, where AC is the activation time point

of the contingent constraint. If P 6= AC, then the rule can be applied to derive a new

contingent edge from P to AC, with weight v + w (see Fig.2.8).

The rules of Morris and Muscettola derive new edges, which may be contingent

or non-contingent. This has the consequence that potentially a large number of edges

may be derived for a given network. The more recent RUL system by Cairo and Rizzi,

instead, derives only non-contingent edges. Thus, a comparatively lower number of

edges is derived by RUL, since between two time points there can be only one non-

contingent edge. Also, a lower number of rules is required for propagating only non-

contingent constraints: these are Relax, Upper, and Lower. Relax works basically as

the No Caserule of Morris and Muscettola. The Upper rule derives, unconditionally,

a non-contingent edge from the same con�guration of edges as Upper Caseof Morris

and Muscettola. The Lower rule, instead, is applied conditionally, but still derives a
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Figure 2.8: Constraint propagation rules for STNUs developed by Morris and Muscet-
tola. Image from [ 17].

non-contingent edge, for a con�guration of edges like the one considered by Lower

Caseof Morris and Muscettola (see Fig. 2.9).
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Figure 2.9: Constraint propagation rules for STNUs developed by Cairo and Rizzi.
Image from [ 17].
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Chapter3
Problem Description and Research

Questions

In this chapter we discuss process modeling requirements, which cannot be expressed

with current languages allowing designers to model temporally constrained processes,

and to check their temporal correctness, such as the languages introduced in the previ-

ous chapter. We support our discussion with a number of examples. These examples

are presented to motivate a lack of expressiveness, which is both highly relevant for

applications, as well as formally challenging.

We �rst present 3 main limitations, with the help of examples. We then present the

research questions, which arise from the observation of these limitations, and are at

the basis of this work.

3.1 Problem Description

Most of current languages for modeling time-constrained processes suffer from the

lack of support for the expression of a large number of temporal constraints. On the

other hand, a number of approaches to check temporal correctness, i.e. absence of con-

tradictions or time failures at run time, are available for these languages. However, we

advocate for the need for more expressive modeling languages, to provide increased

support to practitioners, who need to include real-world temporal requirements into

process models.

33



34 3 Problem Description and Research Questions

Figure 3.1: BPMN-like fragment of a medical process with temporal constraints.

3.1.1 Dependency on Temporal Data

Most business processes comprehend temporal information and temporal require-

ments which have to be modeled, resp. ful�lled, for a correct execution. However,

there are real-world scenarios for which no formulation of temporal information or

constraint is possible with the current modeling approaches. Here we show examples

of such cases.

Our �rst example comes from the medical domain. Suppose a hospitalization

process, which starts with the admission of a patient for unplanned treatment. we

depict an example for such a process in Fig. 3.1. The process starts with the admission

of a patient to the emergency room. A medical report from the referring doctor is

provided by the patient. The report includes information about his/her condition, as

well as the date of last intake of the anticoagulant drug. If the patient is evaluated not

to be in an emergency situation, he/she is sent back to the general practitioner within

3 hours after admission (deadline �xed for all non-emergency patients by hospital

policies). If it is an emergency, the patient needs to undergo a surgery. During the

surgery a report is �lled in by the surgeon, in which the latest time for post-surgical

recovery therapy is indicated. Finally, the therapy starts.
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The following temporal constraint has to be ful�lled: Emergency surgery can only be

performed at least24 hours after the patient had the last intake of an anticoagulant drug. With

current formalisms, this constraint can only be expressed if the event intake of a drugis

part of the process. However, in this example intakeis not an activity of the treatment

process, since it might have happened before the process started. Therefore, we cannot

express this constraint with current modeling languages.

How are such situations handled in real life? Well, we capture the relevant tempo-

ral information in a data item and use this data item to formulate temporal constraints

and to pass the required information with this data item to the process execution. In

our example, the time of the last intake could be obtained from an interview with

the patient when she is admitted to the hospital, and this time point is registered in

the admittance form. Alternatively, we could take the time of the last intake from the

clinical record of the patient. In any case, we then must use stored data as a temporal

input for scheduling the treatment process.

Here are some more examples of temporal constraints which cannot be expressed

by formalisms, which only allow the speci�cation of constraints between control �ow

events:

� The delivery of an ordered item has to take place in the time interval indicated

by the customer in the order form.

� Recovery therapy can start no earlier than the date speci�ed by the surgeon in

the surgery report.

� A one-time password can be used for logging in into a system no later than the

expiration date stamped in a message received with the password.

The general pattern of all these examples is that it would be necessary to express

some temporal constraint as a temporal relationship between a data item and a con-

trol �ow event. We are not considering the references to data items in conditions

determining the control �ow, but concentrate on the use of data items in temporal

constraints. The specialty of these data items used in temporal constraints is that they

may in�uence in particular the scheduling of a process, rather than the control �ow.

For instance, in the example of Fig. 3.1, the actual date of the last anticoagulant in-

take does not in�uence the decision about the emergency, but it may require that the

surgery is postponed, in order to ful�ll the temporal constraint.
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Figure 3.2: BPMN-like fragment of a modularized process with temporal constraints.

3.1.2 Temporal Constraints Across Modules

A problem around the formulation of temporal constraints arises also with modu-

lar processes. For a simple example, consider the simpli�ed modularized process in

Fig. 3.2. In the process, during surgery a biopsy is taken, the tissue transferred to the

pathology department where the biopsy is �xated. Both the surgery and the treatment

of the biopsy in the pathology department are modules (subprocesses). Quality man-

agement requires that the sample has to be �xated no more than 2 hours after taking

the biopsy. With current modeling languages, we either cannot express this require-

ment in the process model, or we have to break up the modules to exhibit the relevant

events.

The advantages of modularizing processes are obvious and well studied [ 125, 126,

158]. These advantages include improved structuring of processes, subprocesses are

reusable in different other processes, process models are more comprehensible and

manageable, etc. With the existing approaches, however, temporal constraints have to

be bound to an executable and visible process event. Since events are only visible if

they are within the same module, it is not possible to specify any temporal constraint

crossing module boundaries. This either reduces the possibilities for modularization,

or reduces the possibility of formulating, and therefore considering or enforcing, tem-

poral constraints. Again the solution can be that temporal information is captured in
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form of data. This data can be passed between modules as parameters. Then these

parameters can be used to formulate and enforce temporal constraints.

3.1.3 Temporal Constraints Across Distributed Processes

A similar problem can be observed in the modeling of distributed, or cross-

organizational, processes [12, 22, 56] realized by the interaction of local processes

executed by different process partners, in which there is a need to express tempo-

ral constraints across these local processes. An example for such a need is shown in

Fig. 3.3.

In the example, three organizations execute their local processes: a Distributor of

mobile phones, a Factory producing mobile phones, and a Supplier of raw materials

for building mobile phone screens. Each organization may have its own (temporal)

requirements for the execution of their local process. However, an organization may

also have additional requirements for the collaborating parties. For instance, the Dis-

tributor may require the Factory to complete the delivery of the mobile phones at most

21days after the order has been placed; similarly, the Factory may require the Supplier

to ship the screens at least8 days after it starts to gather other components.

Such temporal constraints across the local processes can only be expressed, if more

internals of those processes are exposed than otherwise necessary. This is usually not

desired, since it means that �exibility is reduced and coupling is made stronger. Fur-

thermore, privacy is reduced and there is the risk of a potential exposition of business

secrets. Like in the case of modules, currently there is no way to directly refer to tem-

poral information originating outside of a local process. However, if we can capture

the relevant temporal information in form of data, we can model the collaboration

such that this temporal data is passed between the interacting local processes, and

we can formulate the temporal constraints locally by referring to the received or sent

temporal data items.

3.2 Research Questions

Having described the problem with the support of examples, we can now discuss the

arising Research Questions, which we want to address with this work. We organize

them as 3 main Research Questions, with one question concerning the modeling of
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Figure 3.3: BPMN-like fragment of a cross-organizational process with temporal con-
straints.

processes, one concerning the checking for temporal correctness of processes, and one

concerning the computation of additional temporal knowledge.

For each Research Question we identify a number of Research Sub-questions, as

follows:

� RQ1: How can we support the modeling of the temporal aspects of business

processes with data elements such as temporal variables?

Chapter 4 is devoted to answering this �rst Research Question. In particular, it

addresses the following Research Sub-questions:

– RSQ1.1: What are the elements constituting a process model which features

temporal variables to model events as data elements?

The �rst contribution of Chapter 4 is the introduction of a �st process model

for intra-organizational processes featuring temporal variables for repre-

senting temporal data and imposing temporal constraints on them. We then

de�ne extensions for this process model, which support the representation

of modularized processes, Web service compositions, and local processes
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