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Nowadays, workflow systems are becoming very complex, involving time constraints, priorities on tasks
as well as elaborated synchronization schemes. As a result, the specification and the verification of such
systems are demanding much theory to prove their correctness and determine their qualitative and
quantitative properties. In this paper, we mainly deal with complex synchronization on timed workflow
systems. To address this issue, we redefine the concept of rendezvous as a mechanism to synchronize
time constrained concurrent tasks of different privileges (Master, Slave). We discuss the different strate-

5\% rvk(;lrg\i; gies that a rendezvous can follow, and hence we determine all the synchronizations patterns that could
Pattern be considered in specifying its behaviour. From there, we deduce 36 generic synchronization rules that
Synchronization can be associated with the concept of rendezvous. Based on this theory, we extend the Time Petri Nets
Rendezvous formalism to the concept of rendezvous to introduce the RTPN model (Time Petri Nets with rendezvous).
Petri Nets Then, a subclass of RTPNs called Time Workflow-nets with Rendezvous (RTWF-nets), are defined for the

Real time systems modelling and the analysis of timed workflow systems. Finally, a case study is addressed to show how our
framework can deal efficiently and elegantly with complex synchronization requirements.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction The communication, the synchronization and the delays are

important aspects to deal with when several occurrences of soft-

Software engineering is a an important research topic in com-
puter science that dates back to the early 70’s and which is contin-
uing to grow fast. Over time, the software has become more and
more complex while having to respond continually to user’s
requirements to improve its cost, its reliability its efficiency, and
its performances. The need in terms of defining formal methodolo-
gies to verify the correctness of the software is becoming a
challenging issue, especially with the advent of real time systems.
Indeed, it needed to be recognised that to better manage the
dysfunctions and avoid unexpected process errors, we need as
designers to anticipate them by simulating and model-checking
the behaviour of the software before its implementation.
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ware processes are planned to execute in parallel while sharing
objects and resources. We need to guarantee a reliable and contin-
uous coordination to maintain the information exchange in the due
time. To that end, different models have been introduced to specify
and study aspects related to process execution, as for instance
workflow. The latter allows to describe clearly how and when ele-
mentary tasks of a process must be accomplished by specifying the
control flow (Khoshafian et al., 1998).

The research on workflow systems has started in the late of the
70’s, and many approaches have been defined so far. The descrip-
tion of the control flow may include different mechanisms (e.g.,
sequence, choice, parallelism and synchronization), usually called
workflow patterns (Van der Aalst and ter Hofstede, 2005). For
instance, synchronization in a workflow can be seen as a meeting
point during the process execution where a set of tasks has to wait
for others according to a given scheme (e.g, the AND-join synchro-
nizer pattern). Nowadays, one of the challenge in workflow
systems is to cope with situations where a variable number of
tasks should be executed under different synchronization and time
constraints patterns. Indeed, adapting, replanning, and synchroniz-
ing workflows in response to an unexpected behaviour, delays, or
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technical conditions are necessary to guarantee the reliability of
the systems.

Furthermore, such requirements are becoming critical aspects
in many domains as for example healthcare workflows (Combi
and Posenato, 2009). For example, in the transplantation surgery
activity, we require the concurrent presence of the organ to be
implanted, the blood for the patient and the patient, that must
all arrive within the same hour at the hospital to avoid any func-
tional degradation of the implant. Moreover, in warehouse man-
agement the workflow requires some sort of synchronization to
ensure that all the products are delivered to the customer in a
due time to avoid lack of on-site storage. For example, two tasks
A and B that correspond to the shipments to be made by two sup-
pliers. The final delivery must begin after all products are available
and none of the products must wait more than 5 time units at the
warehouse.

As an additional constraint, tasks may not have the same
priorities towards synchronization, as for instance, in the
lip-synchronization problem. The audio (master with priority),
and the video (slave) are connected through a master synchroniza-
tion. On the other hand, the audio may synchronize also with a
telepointer (slave) through another synchronization (Owezarski
and Boyer, 2010). The following delays, for example, must be
met: the video may be ahead of audio but no more than 80 ms,
while it should not be advancing earlier than 80 ms. The
telepointer must not be advancing to audio earlier than 740 ms.

In our previous works, we introduced a new Time Petri Net
extension called RTPN (Time Petri Net with Rendezvous)
(Hamdani and Abdelli, 2017). This model enriches the TPN seman-
tics with the paradigm of rendezvous which provides a flexible
mechanism to design a synchronization process between different
time constrained concurrent tasks of different privileges. Hence,
the main synchronization rules that can be induced from the con-
cept of rendezvous have been investigated and discussed.

In Hamdani and Abdelli (2018), we put forward a methodology
to specify and analyze workflow systems using the RTPN formal-
ism. For this effect, we explored the main synchronization strate-
gies that can be associated with the concept of a rendezvous. The
Time Workflow-nets with Rendezvous (RTWF-nets), were intro-
duced as a subclass of RTPNs, to model complex workflow systems.

In this paper, we mainly address the problem of specifying
timed workflow systems with complex synchronization require-
ments. To this end, the paradigm of rendezvous is extended provid-
ing to the designer more expressiveness and more flexibility.
Hence, we are able to generate more synchronization strategies
and induce thereof any type of synchronization rule.

According to the extended semantics of a rendezvous, we define
the global strategies that govern the behaviour of the latter, then
we derive an exhaustive list of all the possible synchronization pat-
terns and sub-patterns that can be obtained thereof. Hence, we
define altogether 27 master and 9 non master generic synchroniza-
tion rules that determine all the possible pattern combinations
that could be designed from the concept of rendezvous. Each gen-
eric rule can be in turn generates sub rules to specify more precise
and peculiar synchronizations cases. The formal syntax and seman-
tics of the RTPN already introduced in Hamdani and Abdelli (2017)
are revisited to cope with the additional features introduced in the
definition of the concept rendezvous. Finally, a case study is con-
sidered to advocate the purpose of our model in dealing with com-
plex synchronizations in timed workflow systems.

The remainder of this paper is organized as follows: In Section 2,
we discuss the related works. In Section 3, we present formally the
concept of rendezvous and infer the different synchronization pat-
terns that could be derived thereof. An exhaustive list of generic
synchronization rules is then presented and discussed. Section 4
lays down the formal syntax and semantics of the RTPN and

RTWFN models before presenting the modelling approach. In
Section 5, we give a case-study example. Finally, conclusions and
comments on future work are given.

2. Related works

In this section, we review the most important works of the
literature that address the formal specification and the verification
of workflow systems.

a) Petri Nets based Models:
Thanks to its well defined syntax and formal semantics, its
local state-based system description, and the abundant anal-
ysis techniques, the use of Petri net (PN) model as a mathe-
matical foundation for the formal analysis of workflow
systems has been considered in many works. Basic PNs have
been first extended in van der Aalst (1998)to define the
WorkFlow net (WF-net) to specify the processing of a work-
flow. In Van der Aalst and ter Hofstede (2005) WF-net is con-
sidered for the modelling, the validation and the verification
of business procedures.
The WFnet has to be extended afterwards to deal with new
aspects: (data, time, etc...). A various extensions were, thus,
put forward in the literature: (i) the extension with time (Li
et al.,, 2003); (ii) the extension with color to model data
(Russell and ter Hofstede, 2009); (iii) the extension with
hierarchy to structure large models (B&k et al., 2008); (iv)
and finally a general model that combines some of the
previous features Barreto and Julia, 2017.
Many other PN extensions have been proposed in the litera-
ture:
For example, in Wang and Zeng (2008), the authors intro-
duce the R/NT-WF Net to model workflows constrained by
resources and a non-determined time. A procedure is given
to compute the earliest and the latest times to start each
activity. In Barkaoui et al. (2008), a new formalism called
the Time Recursive ECATNets (T-RECATNets) is proposed
for modelling and analysing time constrained reconfigurable
workflows. In Bertolini et al. (2012) component-based
timed-arc Petri Nets (CTAPN) are defined to model collabo-
rative healthcare workflows. The authors in Cicirelli et al.
(2013) consider the TSPN model for modelling and enact-
ment of complex workflows. The authors in Thabet Kotb
and Badreddin (2005), introduce the WFCS-nets (workflow
with critical sections nets), to deal with synchronization
and time constraints among activities while considering crit-
ical sections. In van der Aalst and Weske (2013) and
Boukhedouma et al. (2017), patterns are adapted to cope
with inter-organisational workflows (IOWF). The authors in
del Foyo and Silva (2008), apply Time PNs to model and
analyse the temporal behaviour of workflow systems using
TINA as a tool to support the verifications of the activities
deadlines. The time information located in the transitions
of the automaton derived from the (TPN), allows checking
for temporal quantitative properties using TCTL logics. In
Atluri and Huang (2000), Color Timed Petri Net (CTPN) is
considered to represent the WAM: (workflow authorization
model) to design the separation of duties constraints on
multiple workflow instances. In Yuyue and Jiang (2003),
the Logical Time Workflow nets (LTWN) and Inter-
organizational LTWNs (ILTWN) based on logical time Petri
net (LTPN) are presented for specifying and verifying real-
time cooperative systems. Moreover, the logical correctness
as well as the bounded response time properties were inves-
tigated. In Boucheneb and Barkaoui (2014), an approach
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describing how the qualitative and quantitative analysis of
the framework can be performed by using TCTL model
checking is presented. In Hamdani and Abdelli (2018), the
authors introduce the concept of rendezvous to specify com-
plex synchronizations in timed workflow systems. They give
orientations on the strategies to adopt to obtain a variety of
synchronization patterns.

b) Graph based Models:
Graphs have been also considered as a formal tool to specify
workflow systems. In Marjanovic and Orlowska (1999), tasks
are the vertices of the graph stamped with their durations.
The edges represent the tasks execution. In Bettini et al.
(2002), the vertices are stamped with the starting and the
ending instants of the related task whereas the edge is given
the maximum allowed duration of the task. In Combi and
Posenato (2009), the authors introduce the directed graph
wherein tasks are represented as in Bettini et al. (2002).
The controllability of a workflow path is verified for any pos-
sible combination of durations and delays. In Eder et al.
(2013), the Timed Workflow Graph (TWG) is defined provid-
ing temporal constraints between activities as upper and
lower bounds constraints. No delay between activities is
defined.

c) Others Models:
Other formalisms have been also considered to specify
workflow systems, as the use of computational tree logic
(CTL) in Rusinkiewicz et al. (1991), the event algebra in
Gunter et al. (2009), multi-agent theory in Alfonso-Cendn
et al. (2016), UML activity diagrams in Karhof et al. (2016),
and State Charts Zhang et al. (2012).

d) Discussion:
The majority of the previous works do not address synchro-
nizations with time constraints in the modelling of control
flow. The synchronization requirements handled so far in
the literature are very basic and do not cover all the possible
patterns. There is a need to consider more schemes and to
provide a more expressive formal model to handle these
requirements. For this purpose, we propose in this paper
to extend the work defined in Hamdani and Abdelli (2018).
We revisit the concept of rendezvous by extending its
semantics to cover a large range of synchronizations. We
provide an extensive list of synchronizations patterns from
which we deduce 36 synchronizations rules. The concept
of rendezvous is then associated with TPN model to provide
a powerful tool to design and analyse timed workflow sys-
tems with complex synchronization requirements.

3. Definition of the proposed synchronizations model

Synchronization and time constraints are becoming important
features to deal with in Workflow systems. Indeed, modelling
and analyzing such requirements is a very complex task as it takes
to introduce new tools to tackle the additional challenges. We pre-
sent in this section the essence of our approach by describing the
different paradigms used in our modelling framework. We recall
the concept of rendezvous already introduced in Hamdani and
Abdelli (2017) and Hamdani and Abdelli (2018). The semantics of
the latter is however extended to permit more expressiveness
and more flexibility.

3.1. Tasks, rendezvous, locality and delay parameters

The concept of a rendezvous relays on the concept of tasks. In a
workflow model, we assume the existence of a set of elementary

work units called tasks, that collectively achieve a given process.
An elementary task is an atomic activity that cannot be divided
into sub-processes. We assume in our model that tasks can have
different privileges (Master or Slave) and are associated with a time
interval defining their earliest starting and the latest ending times.

The way tasks interact and sychronize is described by the con-
cept of rendezvous. Informally, a Rendezvous is seen as a time point
during the workflow process where a set of tasks has to interact
with each other to synchronize their executions according to given
requirements. More formally, a rendezvous, noted R, is the tuple
(T, Ts, (Loc™, Loc™), (o, oet, 67, 6")), such that:

- Ty, denotes the non empty set of master tasks involved in the
synchronization pattern; T is the set of slave tasks, such that
T; Ty = . The set Ts can be empty, thus denoting that all
the tasks involved in the pattern have the same privileges. In
the sequel, we note T, = Ts U T,;,. We assume that each task t
is characterized by its own time constraints, given in the form
of an interval [x(t),y(t)]. x(t) (resp. y(t)) denotes the earliest
starting (resp. the latest ending) time of the task t. y(t) — x(t)
will thus denote the maximal duration of the task t. The differ-
ence between a master task and a slave task is that either the
start or the end of the rendezvous must be decided exclusively
by the execution of the master tasks. However, slave tasks do
not necessarily impact the synchronization unless they are
given this privilege, as we will see in the sequel.

- (Loc™,Loc") are the time localities that determine the time
landmarks of the synchronization. Loc™ is called the start time
locality and Loc™ is the end time locality. Loc™ introduces the rule
to compute the preferable time to start the rendezvous,
whereas Loc™ defines the rule to compute the preferable time
to achieve it. The value of the locality Loc™ resp Loc™ is encoded
by the couple (Set™,0p~) resp. (Set*,0p*). Hence we introduce
the following expressions to compute the date of both
localities:Loc™ = Op~ {x(t)}, Loc™ = Op™ {y(t)}where Set™,

VteSet vteSet™

Set™ € {T;,Tn} and Op~,0p™ € {MIN, MAX}.

Comparatively to the semantics defined in Hamdani and Abdelli
(2017) and Hamdani and Abdelli (2018), we extend here the latter
to permit more localities values in the expression of a rendzvous.
Concretely, each locality can take 4 different values rather than
two. Therefore, we introduce more flexibility in the design of com-
plex synchronization and extend the range of synchronization pat-
terns that can be generated by our model. According to the type of
synchronization pattern that we want to specify, the start time
locality Loc™ can refer to one of the following values:

e (T,,MAX): That means that the start of the synchronization is
determined when the last task starts its execution. This locality
value requires that all the tasks should start conjointly in order
to hold the synchronization.

(Tm, MAX): That means that the start of the synchronization is
determined by the last master task that started its execution.
These patterns require that all the master tasks should synchro-
nize their start (see Fig. 1).

(Tm, MIN): This means that the start of the synchronization is
given by the first master task to execute. Such a locality value
requires that at least one master task must be available to exe-
cute in order to start the synchronization.

(T,,MIN): This means that the start of the synchronization is
decided by the first task to execute. This synchronization
requires that at least one task must be available to execute in
order to start the synchronization.
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Fig. 1. Localities, advance and delay in a rendezvous.

Likewise, Loc™ is associated with four locality values:

e (T,,MIN): This means that the end of the synchronization is
determined by the first task to achieve its execution. This
requires that all the tasks have already started their execution
in order to achieve conjointly the synchronization.

(Tm,MIN): This means that the end of the synchronization
occurs when the first master task ends its execution. This
scheme demands that all the master tasks have already started
their execution in order to achieve conjointly the rendezvous
(see Fig. 1).

(Tm, MAX): This denotes that the end of the synchronization is
given by the last master task to end its execution. Such a locality
value requires that at least one master task must be running in
order to end the synchronization.

(T,,MAX): This denotes that the synchronization ends when the
last task achieves its execution. Such a synchronization requires
that at least one task must be running in order to end the
rendezvous.

To be coherent with the master tasks semantics, we require in
our model that at least one of the localities refers to the set of mas-
ter tasks, namely either Set™ = T,,or Set” = Tp,. This enforces that
either the start or the end of the synchronization is exclusively
decided by the execution of master tasks.

- The parameters (o, a*,5,6") are positive rational numbers
from Q" U {+oo} that specify advance or delay for the locali-
ties. Concretely, in order to relax the time constraints deter-
mined by the locality values defined previously, we use these
additional parameters to express a time drift relatively to the
synchronizations points defined by Loc™ and Loc*. o~ (respec-
tively o) specifies the acceptable advance relatively to the
locality Loc™ (respectively, Loc™) to start the synchronization.
Concretely, o~ denotes that the earliest start of the synchroniza-
tion can be advanced o~ time units before Loc™ time value, pro-
viding that at least one task of set™ has already started. On the
other side, «* denotes that the earliest start of the rendezvous
can be advanced ot time units before the occurrence of Loc™,
but not after Loc™, providing that at least one task of set™ has
already started its execution (see Fig. 1).

Moreover, 5~ (respectively 6") specifies the acceptable delay
relatively to the locality Loc™ (respectively, Loc™) to end the syn-
chronization. 6~ denotes that the synchronization must end no
later than ¢~ time units after Loc™, and not before Loc*, providing

A. Hamdani, A. Abdelli/Journal of King Saud University — Computer and Information Sciences xxx (XxXXx) Xxx

that at least one task of set™ is still running. 6* denotes that the
end of the synchronization can be delayed to no longer than 6"
time units after Loc® providing that at least one task of set™ has
not yet ended its execution (see Fig. 1).

3.2. Timed rendezvous patterns

By assuming the semantics of a rendezvous given previously,
we explore in this section the different global synchronization
strategies that can be generated according the values taken by
the localities. Then, we enumerate all the patterns and sub-
patterns that can be induced by each strategy. We discuss each
case and highlight its semantics through a case study example.
Finally, by combining these patterns, we introduce and discuss
all the possible synchronization rules that can be associated with
the concept of rendezvous. Notice that this study is more exhaus-
tive than that given in Hamdani and Abdelli (2018) which relies on
the basic version of the rendezvous and where only subsets of
strategies, patterns and synchronization rules have been briefly
introduced according to the old semantics of the concept of
rendezvous.

Let R= (Tw,Ts,(Loc™,Loc™), (e, 00*,67,67)) be a rendezvous.
According to the value of the delay parameters and the two local-
ities, we define and discuss in the sequel a panel of useful synchro-
nization patterns that can be derived from the concept of
rendezvous. At first level, by combining the values of the localities
Loc™ and Loc* we obtain twelve general rules that we regroup in
four general strategies:

e (Op~ = MAX) : In such a strategy, the start of the synchroniza-
tion is decided when all the tasks of Set™ are ready to start. This
strategy is called the Co-Begin strategy.

e (Op~ = MIN): In such a strategy, the earliest time to meet the
synchronization is decided by the first task among Set™ that
started its execution. This strategy is called the One-Begin
strategy.

e (Op™ = MIN): In such a strategy, the end of the rendezvous is
determined when all the tasks of Set™ are ready to end their
execution. This strategy is called the Co-End strategy.

e (Op" = MAX): In such a strategy, the latest time to end the syn-
chronization is decided when all the tasks of Set* have achieved
their execution in asynchronous manner. This strategy is called
the One-End strategy.

The One-Begin and the CoBegin strategies set up the way the
tasks should synchronize their start whereas the One-End and the
CoEnd specify how the tasks should synchronize their end. Each
strategy defines a class of patterns. By restricting the conditions,
we can define sub-patterns in each class as we will discuss here-
after. Then, by considering specific values for the delay parameters,
each class of patterns can be relaxed to cover partially or totally the
patterns of another class.

Example: To better understand the previous concepts, let us
consider the following workflow example. A travel agency needs
to organize national and international trips. The set of the follow-
ing tasks are required: After registering the client request, the
operator has to process the requests to find out propositions that
will be delivered to the client. If the client agrees to one of the
proposition, the booking is made. The booking consists on different
subtasks that are processed in parallel: booking the flight (Book-
flight task), the hotel (Book-hotel task), and the car (Book-car task)
as well as buying a travel insurance for cancellation and luggage
loss (Insur-cancel and Insu-loss tasks). According to the client
desire, the booking can include either all the tasks or only a subset,
as for instance when it comes to buy a travel insurance. The time
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constraints associated with each task determine the earlier date to
start the booking and the latest date to achieve it. Each task has it
own time constraints depending on the availability, client and
administrative requirements (e.g visa). The processing of the tasks
may require a specific synchronization by the operator to match
the results according to different requirements. Moreover, a speci-
fic task can be advanced or delayed relatively to others to cope
with flight or room unavailabilityies or with visa requirements.

3.2.1. One-Begin pattern

Formally, the One-begin pattern is obtained when the condition
Op~ = MIN is satisfied. This means that the beginning of the ren-
dezvous is decided by the first task among Set™ to start its execu-
tion. Following the case T is empty or not, two subclasses of One-
Begin patterns can be derived:

o If T, = &¥: We have necessarily Set™ = T,,. All the tasks consid-
ered in the One-Begin pattern have the same privileges. We call
this subclass, the Close One-begin(COB).

e -If T; # ¥: In this subclass, the presence of at least one slave
task is required in the One-Begin pattern. We call this subclass
of patterns, the Open One-Begin. Moreover, following the value
of Set™ two types of Open One-Begin are reported:

- -If Set™ = Ty,: The start of the synchronization is decided by
the first master task to execute. We call this type of patterns,
the Master Open One-Begin (MOOB).

- -If Set™ =T,: The beginning of the synchronization is
decided by the first task to execute. This type of pattern is
called the Extended Open One-begin (EOOB).

The difference between the COB and the MOOB is that the end of
the latter can be decided by the end of a slave task, whereas the
end of the former is necessarily decided by a master task. However,
the start of both is decided by the first master task to execute.
All the patterns defined as One-Begin cannot be restricted or
relaxed when specifying in addition the parameters (o, o*). This

! 1
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}4 .I ...... : ............... I| I: i
(o Pl ol L,
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Fig. 2. One-End and One-Begin Patterns.

is because the start of the synchronization cannot be advanced to
earlier than the first executed task among Set™.

The Fig. 2 illustrates the class of One-Begin patterns. We have
Tm = {tm1,tm2} and Ts = {ts1,ts2}. The dark grey boxes denote the
nominal duration of the synchronization, the light grey boxes
denote the extension in the duration of the synchronization.

In the COB pattern, we exclude the slave tasks {t;, ts> }. The syn-
chronization holds when the first master task is executed (t,,;);
such that x,,,; denotes the date of Loc™. The end of the execution
of the COB depends on the value of Loc*. This covers the range
Vi1, Vemz] from the first master task that ends its execution (ty;
if Loc" = (Tiy, MIN)) to the last one (t;, if Loc™ = (Ti, MAX)).

In case the slave tasks are involved in the pattern, the MOOB
pattern is offered when the first master task is executed (t.;),
whereas the EOOB starts when the first task begins (t).

Depending on the value of Loc*, the execution of the MOOB pat-
tern can end in the best case when the first task ends its execution
(tss if Loc* = (T;,MIN)). The duration of the pattern can be
extended to the last task that achieves its execution (ts if
Loc™ = (T;, MAX)). For the EOOB, the achievement of the synchro-
nization must be decided by the end of a master task. Therefore,
the nominal duration lasts till the first master task to end (t;,; if
Loc* = (T, MIN)) and can be extended to the last master task to
end (t if Loc* = (T;, MAX)).

Example: Let us consider the travel agency example,
wherein we assume the following subtasks for a domestic trip
booking process T,, = {Book — hotel, Book — Flight, Book — Car}and
T = {Insu — trip, Insu — Loss}. The booking tasks are executed in
parallel and it may be needed to synchronize their executions.

If all the items are booked separately then we apply a One-Begin
synchronization. The booking date is given by the date of the first
task to be processed. In the case the customer does not need to buy
the travel insurance proposed by the agency, we have T; = ¢¥; the
COB pattern is considered here. However, if he is not sure whether
he will buy the insurance and asks for additional time to decide,
then we apply a MOOB synchronization. In the case he wants to
book for the insurances first, to prevent any cancellation or mishap,
then we apply the EOOB pattern.

3.2.2. One-End pattern

Formally, the One-End patterns is derived when Op™ = MAX.
This means that the synchronization ends when the last master
task of Set™ achieves its execution. Following the case T is empty
or not, two subclasses of One-End patterns can be derived:

o If T, = &¥: We have necessarily Set™ = T,,. All the tasks consid-
ered in the One-End pattern have the same privileges. We call
this subclass of patterns Close One-End patterns (COE).

o If Ty # ¥: In this subclass, the presence of at least one slave task
is needed. We call this subclass the Open One-End. According to
the value of Set", two types of Open One-End are reported:

- If Set™ = T,: The end of the synchronization is decided by
the first master task to end its execution. We call this type
of patterns the Master Open One-End (MOOE).

- IfSet” = T,: The synchronization achieves when the last task
ends its execution. This type of pattern is called the Extended
Open One-End (EOOQE).

Although the synchronization in the COE and the MOOE ends in
the same way, the start may be different. Indeed, the start of the
MOOE can be decided by the start of a slave task, whereas the start
of the COE is necessarily decided by the start of a master task.

As for the One-Begin class, all the patterns defined in this One-
End class cannot be relaxed when varying in addition the delays
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parameters (6, 6"). This is because the end of the synchronization
cannot be delayed to later than the last executed task among Set™*.

In Fig. 2, we depict the semantics of the One-End patterns. In
case of a COE, the tasks {t;,ts;} are ignored. The synchronization
ends when the last master task is achieved (tn»); ym2 denotes
the date of Loc. . The start of the pattern is decided by a master task
and depends on the value of Loc™. This covers the range [Xun1, Xm2]
from the first master task that begins its execution (tp; if
Loc™ = (T, MIN)) to the last one (tm if Loc™ = (T,,,, MAX)).

In case of a MOOE pattern, the latter ends when the last master
task ends (tn2) whereas the EOOE ends when the last task is
achieved (t5). Depending on the value of Loc™, the beginning of
the MOOE covers the range from the date when the first task starts
its execution (ts; if Loc™ = (T, MIN)) to the date when the last task
begins its execution (t; if Loc™ = (T, MAX)).

Regarding the EOOE pattern, its start must be decided by the
beginning of a master task. Hence, its nominal duration is bounded
by the last master task to begin (¢, if Loc™ = (T, MAX)) and can be
extended to the first master task to start (tp if Loc” = (T, MIN)).

Example: Let us go back to our booking example. If we consider
the following subtasks for a domestic trip booking process T, =
{Book-hotel, Book-Flight, Book-Car} and T, = {Insu-trip, Insu-Loss}.
In case the client does not require insurance (Ts = &), the booking
ends when all the master tasks are processed; we apply here the
COE pattern. However, in the case he needs an insurance, two cases
can be seen. If he wants to book later the insurance through the
travel agency, we apply the EOOE pattern. Otherwise, if he has
already booked first for the insurance, and needs only to complete
the booking of the required items, we apply the MOOE pattern.

3.2.3. CoBegin patterns

The class of CoBegin patterns regroups all the patterns such that
the start of the synchronization occurs when all the tasks of Set™
are ready to start conjointly their execution. Formally, we have
Op~ = MAX. At the first level, two subclasses of the CoBegin can
be considered following the case T; is empty or not:

e If T, = &¥: In this subclass, all the tasks considered in the CoBe-
gin have the same privileges. We call this subclass of patterns,
the close CoBegin.

o If T, # (¥ In this subclass, the presence of at least one slave task
is needed. We call this subclass of patterns the Open CoBegin.
Within this subclass, we report different types of patterns fol-
lowing the value of Set™:

- —: Set™ =Tp: In this particular case, the beginning of the
synchronization is decided when all the master tasks start
conjointly their execution. We call this type of pattern a
Master Open CoBegin.

- -:Set” =T,: In this case, the synchronization begins when
all the tasks are ready to start their execution. We call this
type of pattern, the Extended Open CoBegin.

When considering in addition the associated delay parameters
(o—, ™), the subclasses of the CoBegin can be relaxed to cover other
classes of patterns.

e If (¢~ = 0): This means that the start of the synchronization
cannot be advanced relatively to the date Loc™ of the related
CoBegin pattern. This type of pattern is called a Synchronous
CoBegin. Hence, following the subclass of pattern we are dealing
with, we obtain the Synchronous Close CoBegin(SCCB), the Syn-
chronous Master Open CoBegin (SMOCB) or the Synchronous
Extended Open CoBegin (SEOCB).

e If (o= # 0): In this case, different types even classes of patterns
are covered:

- —if (a* € [0, +oo[) or (&~ €]0, +oo[): In this case, the CoBegin is
relaxed to permit that the early start of the synchronization
be advanced in time relatively to the associated synchronous
CoBegin, but not earlier than the related One-Begin. Following
the subclass of pattern, we obtain the Advanced Close CoBegin
(ACCB), the Advanced Master Open CoBegin (AMOCB) or the
Advanced Extended Open CoBegin (AEOCB).

- ~if (0= = +o0) and (at = +o00): Assuming these conditions,
the CoBegin is relaxed to the maximum by advancing its exe-
cution to behave like the related One-Begin.

The different variants of the CoBegin patterns are depicted in
Fig. 3a. The SCCB starts when all the master tasks are ready to start
(tmz is the last master task to start). Its nominal duration is reached
when all the master tasks are ready to end (when t,; ends), and
can be extended to the last master task to achieve its execution
(tma if Loc™ = (T;y, MAX)). The SCCB can be advanced but no earlier
than the start of the COB (start of tn;). The SMOCB patterns are
similar to the SCCB ones in the way they start. However, the nom-
inal durations of SMOCB are set up when the first task ends (ts if
Loc* = (T;,MIN)) and can be extended to the last task to end (ts, if
Loc* = (T, MAX)).

Regarding the SEOCB, this pattern starts when all its tasks are
ready to begin (when t, starts) and can be advanced to no earlier
than the first task to begin (t5) (Start of the EOOB). Its nominal
duration is set up when the first master task ends (tp; if
Loc™ = (T, MIN)) and can be extended to the last one to end (¢,
if Loc™ = (T, MAX)). It is noteworthy to recall that if Set™ = T,,
then we have necessarily Set™ = T,,. Conversely, if Set™ = T,,, then
Set™ can refer either to T, or T,.

Example: Let us go back to our booking example. If we con-
sider the following subtasks for a domestic trip booking process
T = {Book-hotel, Book-Flight, Book-Car} and T = {Insu-trip, Insu-
Loss}. In case the client does not require insurance (Ts= &)
and has preference for a hotel and type of car, the operator
can decide to search for availability of the car, the room and
the flight within the same request in order to match the avail-
ability dates according to user requirements. In this case, we
apply the SCCB pattern. If there is a high demand for instance
for the hotel the operator can decide to advance the start of
the booking by first booking for any available room in the
required hotel. Then he matches the latter with other results
once the booking of the flight and the car are processed. In this
case we apply the ACCB pattern. However, in the case the client
needs to add an insurance to the process, two cases can be seen.
If he wants to book later the insurance through the travel
agency, we apply the SMOCB pattern. However, we apply the
AMOCB in case the booking of the room should be performed
before the other required tasks. On the other hand, if the client
is sure to buy the insurances, the operator can include this task
when starting to process all the requests together; we apply in
this case the SEOCB pattern. The AEOCB is considered in case
the booking for the room is processed beforehand.

3.2.4. CoEnd patterns

This class includes all the patterns such that the latest time to
end the synchronization is decided when all the tasks among
Set™ are ready to achieve conjointly their execution. Formally, we
have Op* = MIN. At the first level, two subclasses of the CoEnd
can be considered following the case Ts is empty or not.

o If T, = &¥: We have necessarily Set™ = T,,. All the tasks consid-
ered in the CoEnd pattern have the same privileges. We call this
subclass of patterns, the Close CoEnd.
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Fig. 3. CoEnd and CoBegin Patterns.

o If T; # ¥: In this subclass, the presence of at least one slave task
is required in the CoEnd. We call this subclass, the Open CoEnd.
Following the value of Set™, we report two sub-patterns:

- :Set* = Ty,: In this case, the synchronization ends when the
first master task achieves its execution, providing that all the
master tasks have already started. We call this type of pat-
terns a Master Open CoEnd.

- :Set" =T,: The end of the rendezvous is decided when the
first task is accomplished, providing that all the tasks have
already started. We call this sub-patterns the Extended Open
CoEnd.

When considering in addition the associated delay parameters
((67,0%), the different subclasses of the CoEnd can be relaxed to
cover new types of pattern even other previous classes.

o If (6" = 0): This means that the end of the synchronization is
decided by the end of the last task to execute without consider-
ing any time delay. We call this pattern the synchronous CoEnd.
Following the subclass of pattern we consider, we have the Syn-
chronous Close CoEnd (SCCE), the Synchronous Master Open
CoEnd (SMOCE) and the Synchronous Extended Open CoEnd
(SEOCE).

o If (6" # 0): In this case, different subtypes even classes of pat-
terns are covered:

- -if (67 € [0,4o0]) or (67 €]0,+oc]): In this case, the CoEnd
is relaxed to permit that the Synchronous CoEnd pattern be
delayed in time, but no later than the related One-End pat-
tern. We call this pattern the delayed CoEnd. According to
the subclass to which the pattern belongs, we obtain: the

Delayed Close CoEnd (DCCE), the Delayed Master Open CoEnd
(DMOCE) and the Delayed Extended Open CoEnd (DEOCE).

- -if (6~ = +o0) and (6" = +o0): In this case, the Synchronous
CoEnd is relaxed to the maximum by delaying the end of
its execution to behave like the related One-End pattern.

The different classes and types of the CoEnd are illustrated in
Fig. 3b. The SCCE ends when all its master tasks are ready to end
conjointly (t,; is the first master task to end forcing t,,, to end).
Its nominal duration is delimited by the last master task to start
(tmz2), and can be extended to the first one (t;;). The SCCE can be
delayed but no later than the COE, to specify the DCCE pattern.
The master Open CoEnd patterns are similar to their related Close
CoEnd in the way they end. However, their nominal duration is
set up when the last task starts (ts, if Loc” = (T;,MAX)) and can
be extended to the first task to start (ts if Loc™ = (T,, MIN)).

The SEOCE achieves when all its tasks can terminate conjointly
(when t5; ends), and its end can be delayed to no later than the last
task to achieve its execution (ts ), to specify the DEOCE pattern. Its
nominal duration is delimited by the last master task to start (¢ if
Loc™ = (T, MAX)) and can be extended to the start of ty, if
Loc™ = (T, MIN).

Example: Let us go back to our working example. As stated pre-
viously, we consider the following subtasks for a domestic trip
booking process T, = {Book-hotel, Book-Flight, Book-Car} and T =
{Insu-trip, Insu-Loss}. In case the client does not want to book for
insurance (T; = &) but prefers to stay in a specific hotel and books
for a type of car during the period of his trip. The operator can
decide to perform the booking of all the tasks in one same request
in order to match the availabilities. Hence, the booking is ended
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when all the tasks are achieved conjointly. In this case we apply
the SCCE pattern. In case the booking date of the room does not
match exactly the trip period, the operator can then delay the
end of the booking waiting for a room to free. This process can
be designed by the DCCE pattern.

However, in the case the client needs to add an insurance to his
trip, two cases can be seen: If he is not sure whether he will buy it
through the travel agency, he needs to confirm his decision before
the end of the booking of the required tasks. The operator will per-
form the latter in one request without including the booking of the
insurances which will be performed separately in case the client
confirms his decision before the due time. This process can be
specified by applying the SMOCE pattern. If in addition, the dates
of the room can be subject to change due to a mismatch with the
trip period, we enforce the DMOCE pattern. On the other hand, if
the client wants to buy the insurances through the travel agency,
the operator can decide to include the latter in the same request
as for the required tasks. The booking is then achieved when all
the tasks are processed conjointly according to the client require-
ments. The SEOCE pattern is considered in this case. If the process
needs to be delayed waiting for a room to free, then we consider
the DEOCE.

3.2.5. Rendezvous synchronization rules

A rendezvous is driven by a strategy to start the synchroniza-
tion and another one to end it. By combining the previous patterns,
we can define generic rules that settle the global behaviour of the
rendezvous. The chart depicted in Table 1 enumerates the set of

pattern combinations with the associated rule-names. Having said
that, it needs to be understood that some strategies cannot be com-
bined, as for instance the extended One-Begin with extended One-
End. This is because we need that at least one of the two strategies
be driven by master tasks. Concretely, if all the tasks are of the
same privilege (T; = &), then we can derive 9 rules. These are
obtained by considering a Loc™ strategy from {SCCB, ACCB, COB}
with a Loc* strategy from {SCCE, DCCB, COE}. We call these rules
the non master rules. On the other hand, if tasks are not of the same
privileges (Ts # &), we derive, what we identify as the master rules.
The Loc™ strategies from {SMOCB, AMOCB, MOOB} can be com-
bined with any of the 6 Loc" strategies, thus yielding to 18 possible
master rules. However, the Loc™ strategies from {SEOCB, AEOCB,
EOOB} can be combined only with {SMOCE, DMOCE, MOOE},
inducing 9 additional master rules. In overall, we generate 27 mas-
ter rules among the 36 rules. However, certain rules can be refined
further by considering different combinations of the parameters
oot 87,00

The AND related rules denote a synchronization where either
the Cobegin or the CoEnd strategies are considered. The Or related
rules are those which adopt the One-begin strategy, whereas the
Weak related rules apply the One-End strategy. TheStrong rules
are those which are involving slave tasks in one of the two com-
bined strategies. The rules identified as Advanced, are those with
(o« > 0). This denotes that the start of the synchronization is
advanced relatively to the start of the original rule (e.g. The
advanced ANDstarts before the AND). On the other hand, The rules
noted as Delayed are those with (6% > 0). This specifies that the end

Table 1
Synchronization rules.

Rules Loc™ Loc* (Loc™,Loc™) (o, 0t,07,0%) Cons
Non master rules Ts =

AND SCCB SCCE ((Tn, MAX), (Tjn, MIN)) No
Delayed AND SCCB DCCE (T, MAX), (T, MIN)) Yes
Weak-AND SCCB COE (T, MAX), (Trn, MAX)) Yes
Open-AND ACCB DCCE ((Tin, MAX), (Tjn, MIN)) Yes
Advanced And ACCB SCCE ((Tn, MAX), (Tin, MIN)) Yes
Advanced WeakAnd ACCB COE ((Tn, MAX), (Trn, MAX)) Yes
Or COB COE ((Tm, MIN), (T1n, MAX)) Yes
Or-AND COB SCCE (T, MIN), (T, MIN)) Yes
Delayed Or-AND COB DCCE (T, MIN), (T, MIN)) Yes
Master rules Ts # &

Master-AND SMOCB SMOCE ((Tn, MAX), (Tjn, MIN)) No
Del Master-AND SMOCB DMOCE ((Tm, MAX), (Tjn, MIN)) Yes
Strong Weak Master-AND SMOCB EOOE ((Tm, MAX), (T, MAX)) Yes
Del Strong Master-AND SMOCB DEOCE ((Tin, MAX), (T;,MIN)) Yes
Weak Master-AND SMOCB MOOE ((Tn, MAX), (Tin, MAX)) Yes
Strong Master-AND SMOCB SEOCE ((Tn, MAX), (T;, MIN)) No
Master-Or-AND MOOB SMOCE (T, MIN), (T, MIN)) Yes
Del Master-Or-AND MOOB DMOCE ((Tn, MIN), (Trn, MIN)) Yes
Strong Master-Or-AND MOOB SEOCE ((Tn, MIN), (T, MIN)) No
Master-Or MOOB MOOE (T, MIN), (T, MAX)) Yes
Strong Master-Or MOOB EOOE ((Tm, MIN), (T,, MAX)) Yes
Del Strong Master-Or-AND MOOB DEOCE ((T, MIN), (T, MIN)) Yes
Del Strong AND-Master SEOCB DMOCE ((Ty,MAX), (T, MIN)) Yes
Strong AND-Master SEOCB SMOCE ((Tr, MAX), (Tin, MIN)) No
Strong Weak AND-Master SEOCB MOOE ((Tr, MAX), (T, MAX)) No
Strong Open AND-Master AEOCB DMOCE ((Tr,MAX), (T, MIN)) Yes
Adv Strong AND-Master AEOCB SMOCE ((Tr, MAX), (T, MIN)) Yes
Adv Strong Weak AND-Master AEOCB MOOE ((Tr, MAX), (T, MAX)) Yes
Del Strong OR-AND Master EOOB DMOCE ((Tr,MIN), (Tjn, MIN)) Yes
Strong OR-AND Master EOOB SMOCE ((Ty,MIN), (Tjy, MIN)) Yes
Strong Or-Master EOOB MOOE ((Tr,MIN), (Trn, MAX)) Yes
Adv Master-AND AMOCB SMOCE ((Tm, MAX), (Tjn, MIN)) Yes
Master Open-AND AMOCB DMOCE ((Tn, MAX), (Tjn, MIN)) Yes
Adv Strong Master-AND AMOCB SEOCE ((Tm, MAX), (Tr, MIN)) Yes
Adv Weak Master-AND AMOCB MOOE (T, MAX), (Tin, MAX)) Yes
Adv Strong Weak Master-AND AMOCB EOOE ((Tm, MAX), (T, MAX)) Yes
Strong Master Open-AND AMOCB DEOCE ((Tm, MAX), (T;, MIN)) Yes

“?”: denotes any value in the range, whereas “> 0” denotes any strict positive value.
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of the synchronization is delayed relatively to the end of the orig-
inal rule (e.g The Delayed ANDends after the AND). Finally, the
OPEN related rules as those with (¢~ > 0 and 6" > 0), namely the
start of the synchronization is advanced whereas its end is delayed
relatively to the original rule (e.g The Open AND starts before and
ends after the AND).

The execution of a rule is said to be Critical if the earliest start
and the latest end of the synchronization refer to the same date.
The duration of the synchronization in this case is atomic and can-
not be extended. Moreover, the execution of a rule is said to be
inconsistent if the earliest start of the synchronization cannot
occur before the latest end of the synchronization. In this case,
the synchronization cannot hold. This happens for instance in the
AND rule when the time intervals associated with master tasks
are not overlapping. The column Const in Table 1 identifies the
rules which are always consistent whatever the time constraints
of the tasks we consider.

3.3. Discussion

A large range of synchronization schemes defined in the litera-
ture are covered by our model, in addition to new rules that are
introduced as the Advanced and Delayed related rules. For example,
the ten rules of the TSPN model (Cicirelli et al., 2013), as well as the
seven synchronization schemes of the Allen theory (James, 1983),
are all covered by the concept of rendezvous. Our model covers
also the Wait constraints of the parallel pattern (Combi and
Posenato, 2009). However, our model is more expressive as it con-
siders time constraints in form of intervals (not instants) while
assuming different tasks privileges.

4. Time Workflow Net with Rendezvous: RTWFN

In this section, we first present the syntax and the semantics of
the RTPN model. The latter extends the first versions introduced in
Hamdani and Abdelli (2017) and Hamdani and Abdelli (2018) to
new localities values while adapting the semantics. Then, we intro-
duce a subclass of RTPN, called RTWFN (Workflow nets with timed
rendezvous). This model is dedicated to specify workflow systems.
Finally, we present a RTWFN based modelling approach for work-
flow systems.

4.1. Time Petri Net with Rendezvous: RTPN

In the theory of Petri Nets (PN), A classical Petri Net is a directed
bipartite graph with two types of nodes, called places and transi-
tions. Oriented Arcs are used to connect places to transitions or
transitions to places. Graphically, places are drawn as circles and
transitions as rectangles. In the sequel, we assume that the reader
is familiar with Petri nets theory and we recall only the theory
needed to introduce the RTPN model. The RTPN model, is in exten-
sion of Time Petri Nets (TPN). In a TPN a time interval is associated
with each transition to specify in addition time constraints. The
RTPN model adds to the latter the possibility to express synchro-
nizations between different transitions given by the concept of
rendezvous introduced previously. We revisit hereafter the syntax
and the semantics of the RTPN model given in Hamdani and Abdelli
(2017) by considering the new semantics of the rendezvous as
introduced in the previous section. Formally, the new syntax of
the RTPN model is defined as follows:

Definition 1. An RTPN is given by the tuple (P, T, B, F, My, Is, RDV;)
where: P and T are respectively two non empty disjoint sets of
places and transitions; B and F are respectively the backward and
the forward incidence functions B:PxT—N={0,1,2,...};

F:P x T—N; My is the initial marking function that associates
with each place a number of tokens My : P—N; I; is the delay
interval mapping function; I : T—Q" x Q* U {+o0}, where Q" is
a set of null or positive rational values. We write
I5(t) = [xo(£),yo(t)]. This gives the static time interval within which
the transition t can fire, such that 0 < xo(t) < Yo (t);

RDV denotes a finite set of Rendezvous. A Rendezvous Rof RDV s
is a synchronization scheme that has the form
(Tm, Ts, (Loc™,Loc™), (o=, a*,87,67)), where T,, and T are subsets
of transitions. T, N T; = & and we note T = T, UTs. Ty, is a non
empty and finite set of master transitions, and T; the finite set of
slave transitions. Loc™,Loc™ are the localities considered in the
rendezvous. We have Loc™ = (Set”,0p~) and Loc" = (Set*,0Op*),
such that: Set™,Set* € {Tp,T;} and Op~,Op* € {MIN, MAX}. We
assume that at least one of the parameters Set~ and Set™ must be
equal to Ty,.

Finally, o=, o*,6" and o~ are the delay parameters that take
their values in Q* U {+o0}.

Graphically, as depicted in Fig.4 an RTPN is similar to a PN. How-
ever the meta-data annotating the graph is different. This includes
inter alia rendezvous and time information to specify synchroniza-
tion and time constraints. A transition models a single task which
is subject to time constraints given by the associated interval. The
execution (Firing) of a transition requires to consume a predefined
number of tokens (defining the marking) that must be located in its
entry places. A place represents generally a resource or an event
whereas the tokens denote the number of instances present in
the given place at a given instant (defining the Marking). If a tran-
sition is governed by a rendezvous, this means that its firing
depends additionally on the firing of other transitions according
to the synchronization rule induced by the rendezvous.

Moreover, in the RTPN model, it is admitted to call a same tran-
sition in different rendezvous declarations. This allows to design
the case where a single task can be governed by different alterna-
tive synchronizations. The selection of the rendezvous to enforce
when more than once are offered can be decided in non determin-
istic manner. However, for more flexibility, we can extend the syn-
tax of the RTPN with a priority function on the set of rendezvous to
resolve the non determinism. In other respects, a transition that is
not involved in any rendezvous of the RTPN is to progress in an
asynchronous manner as in TPN since it is not compelled by any
synchronization scheme.
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Fig. 4. An RTPN example.
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Let us consider the TPN example shown in Fig.4, extended to the
following set of rendezvous RDV = {Ry, Rz, R5,R4} such that:

Ri = ({to, t1}, &, (({(to, t1}, MAX), ({t0, t1 }, MIN)), (0, 0,0, 0))

RZ = ({tz}, {tl }a (({tl ) t2}-,MIN>7 ({tZ})v MIN)‘ (+DC., +00, 00, 0))

R; = ({t6}1 {tZ}u (({tg},MAX) ({tZ; tﬁ}:MAX))7 (07 +00, +00, +OO))

Ry= ({t37t4}7®7 ({t37t4}7MIN)7 ({t3t4}aMIN))7 (+OO7+OO,+OO,O))

Rs = ({t:}, &. ({ts}, MAX), ({t:}, MIN)), (0,0,0,0))

Rs = ({ta}, @ ({ts}. MAX), ({ts},MIN)), (0,0,0,0))

According to Table 1, the rendezvous Ry, Rs, R follows the And
rule whereas R, and R; consider respectively, the Strong Or-AND-
Master and the Strong Weak Master-AND rules. Finally, Ry is driven
by the Or-AND rule.

Each transition defines one task characterized with its own time
constraints given in the form of an interval. The arc connecting
each input place to a transition models the resources needed for
the execution of the task. The availability of resource instances is
specified by the current marking of the places. We notice that
the transitions t; and t, are involved in two different rendezvous.
t; can progress following the synchronization scheme defined in
Ry or R,, whereas t, can progress according to R, or R3. Likewise
the transitions t; and t, can synchronize their execution through
the rendezvous R, or progress in asynchronous manner through
the rendezvous Rs and Rg when R, cannot hold. Finally, as ts is
not involved in any defined rendezvous, it should therefore pro-
gress in asynchronous manner.

4.2. RTPN formal semantics

Before laying down the formal semantics of the model. We
introduce, first, some notations:

Let RT := (P, T,B, F,My,I;,RDV;) be a RTPN and.

R := (Tp,Ts, (Loc™,Loc™), (o=, 00", 67,8%)) be a rendezvous from
RDV..

- We note Tr(R) = T, the set of transitions defined in R.

- We introduce the set of asynchronous Rendezvous, noted
RDV,. R,€RDV, has the form ({t},d,(({t}, MAX),
({t},MIN)), (0, +00,4+00,0)) such that ¢t is a transition of T
which is not involved in any predefined rendezvous,
VR € RDV,,t ¢ Tr(R). The set RDV defines all the rendezvous
that might fire in the model, we write: RDV = RDV; URDV,,.

- We call a marking the function, noted M that associates with
each place a number of tokens, M : P—N;

- A transition t is said to be enabled for the marking M, if
Vp € P,B(p,t) < M(p); the number of tokens in each input
place of t is greater or equal to the valuation of the arc con-
necting this place to the transition t. Thereafter, we denote
by E(M) the set of transitions enabled for the marking M.

- Arendezvous R is said to be enabled for the marking M if all its

transitions are enabled for M and we denote by ER(M) the

set of all rendezvous of RDV that are enabled for M.

ER(M) = {R € RDV|Tr(R) CE(M)}.

Let M be a marking; two transitions t; and t; enabled for M are

said to be conflicting for M, if 3p € P, B(p, t;)+ B(p, t;) > M(p).

Hence, we note Conf (M) the relation built on E(M)? such that

(ti,tj) € Conf(M), iff t; and t; are in conflict for the marking

M. Hence, a rendezvous R is said to be conflicting with itself

for M, if there exist two transitions t;,t; € Tr(R) that are in

conflict for M.

Let M be a marking; two rendezvous R; and R; enabled for M

are said to be conflicting for M, if there exists t; € Tr(R;) and

tj € Tr(R;) such that (t;,t;) € Conf(M).

It is noteworthy that if at least two transitions of a same ren-
dezvous R are in conflict, then R can not hold. This denotes the case

where two tasks are in conflict for the same resources which fur-
ther need to synchronize their execution.

To illustrate the previous definitions, let us go back to our
RTPNexample. The predefined set of rendezvous RDV; is extended
with the asynchronous rendezvous R; := ({ts}, &, (({ts}, MAX),
({ts}, MIN)), (0, +o00, +00, 0)).

The initial marking is given by My : py,ps,D5,D5,05— 1;
P4, Dg— 0. Hence, the set of enabled transitions is
E(Mo) = {to,t1,t2,t5,t6}. The set of enabled rendezvous is
ER(Mp) = {R1,R2,R5,Rs}. As we can see the transitions t, and tg
are in conflict for My, hence the rendezvous Rs is in conflict with
itself and cannot fire from M,. Moreover, the rendezvous R,,R;3
are in conflict for My, the firing of one of them will disable the
other.

The RTPN model evolves by firing a rendezvous at each step. This
implies the firing of all its transitions providing that some condi-
tions are satisfied. Firing a rendezvous relies on the marking and
on the corresponding synchronization rule which entails to meet
the dynamic time constraints of the model.

Different semantics can be considered with the RTPN: a mono-
server semantics, namely for any marking only one instance of a
transition and by extension a rendezvous can be enabled for a
marking. Or the multi-server one which considers that a transition
and hence a rendezvous can be enabled more than once for a given
marking (refer to the papers (Abdelli, 2015; Boucheneb et al.,
2013). In the sequel, we consider a mono-server semantics rather
than the multi-server one, by enforcing the threshold granularity
policy and the intermediate memory policy. In other terms, if the
current marking can enable different instances of a same transi-
tion, only one instance is considered. However, the semantics
may be adapted to consider other firing policies as well as the
multi-server case. Assuming that, we introduce hereafter the for-
mal expression of a reachable state.

Definition 2. A reachable state, noted e, of a RTPN is a tuple
e = (M, V), where M is the reachable marking and V is the function
that associates with each enabled transition its dynamic firing
interval V(t) := [x(t),y(t)]. We note ey = [Mo, Vo] the initial state,
where: Vo (t) := [xo(£), Yo ())]-

The initial state of our RTPN example is given by (Mo, V) such
that Vo : to— [2,3];t1 = [1,2]; t2 > [0, 1]; t5 — [2,2]; ts — [0, 2].

Given a reachable state e, we see next how to compute the firing
interval of an enabled rendezvous.

Definition 3. Let e = (M, V) be a reachable state of the RTPN. For
each enabled rendezvous R, such that R = (T, Ts, (Loc™,Loc™),
(o=, 0t,87,8%)) where Loc™ = (Set™,0p~) and Loc™ = (Set™,Op*).
We define the firing interval of R, as follows: [Low(R), Up(R)]:=

0p~ {x(t)} —o

vieSet vteSet
MAX M1N<Op+ )y —or, Op {x(t)}): MIN MAX(Op’ {x(6)}+5°, Op* (y<r>}>
veeSet™ vteSet vteSet™ vteSet”

MIN {x(0)} MAX {y(0)}

vteSet”™

0p' (y(©)} +o°

[Low(R),Up(R)] determines the interval of relative times within
which the rendezvous R has to fire in respects of the considered
synchronization rule. This interval is computed from the dynamic
firing intervals of transitions of Tr(R) according to locality values
and the associated delay parameters. Notice that as the number
of localities values has been extended to four, the formulas pro-
vided in the previous definition allow therefore to induce more
rules and synchronization schemes than in the old semantics of
the RTPN model Hamdani and Abdelli (2017).

Please cite this article as: A. Hamdani and A. Abdelli, Towards modelling and analyzing timed workflow systems with complex synchronizations, Journal of
King Saud University - Computer and Information Sciences, https://doi.org/10.1016/j.jksuci.2019.08.007



https://doi.org/10.1016/j.jksuci.2019.08.007

A. Hamdani, A. Abdelli/Journal of King Saud University - Computer and Information Sciences xxx (XxXx) Xxx 11

il

p t
(X) Task [X(t),Y(t)]
P

P1 b
2 b b Ps
C C O t, t
(@) (b) )

P2

Fig. 5. Modelling approach with RTWEFN.

For example, if we apply this general rule on the RTPN example,

in: R fi ithi MAX MIN =[2,2].

we obtain: R; can fire within |:Vte{t0.t1}{X(t)the{tc‘t]}{y(t)}:| [2,2]
This requires that the transitions to, t; be fired in full synchronous

manner. Concerning R,, it can fire within L 1\/{1[11\{ }{x(t)},y(tz)} =
te{ty .tz

[0,1]. Moreover, R3 may fire within {X(fg),v!\/{%}{y(t)}} =[0,2].
€lale

Finally, the asynchronous rendezvous R; can fire within
[x(ts5), y(ts)] = [2,2].
We give hereafter the sufficient and the necessary conditions to

fire a rendezvous.

Definition 4. An enabled rendezvous Ry can fire from a reachable
state, e = (M, V), at a relative date d, iff:

(i) Ry is not conflicting with itself

(ii) The lower bound of Ry is reached: 0 < Low(Ry) < d;

(iii) No upper bound of any enabled rendezvous is overtaken:
< MIN {Up(R)}:

REER(M)

In our RTPN example, only R, can fire from the initial state ey.
Indeed, R3 is in conflict with itself and hence is not firable.
Moreover, the time cannot progress to reach the lower bound of R;
and R;.

We introduce now the RTPN formal semantics as a labelled
transition system.

Definition 5. The semantics of an RTPN is defined as a labelled
transition system ST = (I", eg, —)such that:

- I' is the set of all reachable states;

- —:I'x (T x Q") x I' is the transition relation between states
such that: ((M,V), (R, d),(M', V")) e—, iff the firing condi-
tions of Definition 4 are satisfied, such that:

- (Vp € P,Vt € Tr(R)), M' (p) := M(p) — B(p,t) + F(p, t)

- The function V' is computed by adopting the intermediate
memory policy, as follows:

1. Remove the transitions that are disabled for M'

2. For each transitiont that was enabled for M and remains
enabled for M', shift V(t) by the valued towards the origin
of time and truncate to non negative value its lower bound
if necessary. V' = [MAX(0,x(t) — d), y(t) — d.

3. Add the transitions newly enabled for M' constrained by
their static firing intervals:V'(t) = [xo(t), Y (0)].

Firing a rendezvous Ry implies the firing of all its involved tran-
sitions (i.e., t € Tr(R¢)), which yields a new accessible state e'
where the corresponding marking M' is obtained from M after fir-
ing sequentially the transitions of Tr(Ry). Notice that the upper
bound of the dynamic interval of an enabled transition can be over-
taken by the progression of time (y(t) < 0) unlike in TPN. This
denotes that the related task has already ended its execution while
the synchronization has not yet taken place. Therefore, in the RTPN
the time constraints of enabled transitions follow a weak semantics,
while those of enabled rendezvous obey to a strong semantics.

Moreover, due mainly to the density of time, the RTPN reacha-
bility graph defined in Definition 5, in an infinite representation
of all timed behaviours of the modelled system. The analysis and
verification of the properties of the model require the construction
of a finite abstraction of the infinite state space that preserves a
subset of the properties of interest. This could be achieved by
adapting the state class graph method for instance as in Time Petri
Net that mainly conserves the linear properties of the underlying
model.

Let us consider the firing of the rendezvous R, at instant d = 1
from eo to reach the new state e;(My,V;), such that: The new
marking Mj : pg, P2, P4, D5, > 1;D1,D3,06 — 0 Hence, the set of
enabled transitions is E(M;) = {to,ts}. Vi:ts—>[2-1,2-1]=
1,1];to—~[2—-1,3-1] =[1,2]. Only Rs is enabled an firable at
instant 2 from the state e;.

4.3. Time Workflow Net with Rendezvous: RTWFN

We introduce, in the following, the RTWFN model which is a
particular case of an RTPN.

Definition 6. A RTWEFN noted RT,, is a tuple (RT, p,, p.), such that:

- RT = (P,T,B,F,My,I;,RDV;) is
rendezvous.

- p is a special place of P called the beginning place of the
workflow net, and we have: ep, = & and My(p,) # 0;

- p, is a special place of P called the ending place of the work-
flow, and we have: p,e= ¢ and My(p,) = 0; where: ex
denotes the set of input transitions connected to the place x
while xe: gives the set of output transitions connected to x.

a Time Petri Net with

The place p, denotes the source of the net while the place p, the
sink of the net. The RTWEFN should verify that there exists a run
from the initial marking including the place p, to a final marking
including the place p, ; we say that the net is strongly connected.
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4.4. Modeling workflow with synchronization and time delay using
RTWEF-Net

The RTWFN model of the whole workflow constrained by syn-
chronization and time delays can be obtained by the following
approach:

1) First we create the places p, and p,.

2) A single task: Each elementary unit: (task) is mapped into a
transition t € T and an input place p € P. For time constraints
a time interval is associated with each transition’s task
I(t) = [x(t),y(t)], thus, defining the earliest and the latest time
delay of the task. If no time constraint are imposed, we have
I(t) = [0, +oc]. Otherwise with I(t) = [0, 0] the task t cannot be
delayed and must occur as soon as the input place is marked
(See Fig. 5(x)). If the task is the first in the process then its input
place is p,. If it is the last in the workflow then its output place
iS Ppe.

3) Sequence: In the example of Fig. 5a, tasks t; and t, are exe-
cuted sequentially, representing precedence constraints of task
execution in the workflow;

4) Choice: In Fig. 5b, t; and t, are in conflict and can never occur
both;

5) Concurrency: In Fig. 5c¢, tasks are in concurrency; they occur
in parallel and are not in conflict. Their execution can be gov-
erned by synchronization rules that are expressed in the form
of rendezvous.

4.5. Cases study - the patient worflow

In this section, we present a case-study to highlight the expres-
sion power of the RTWFN model in modelling workflow systems
with complex synchronization schemes.

We consider here the example of the Patient workflow. The asso-
ciated RTWEN is depicted in Fig. 6. This example is a combination
and an adaptation of many health-care workflows already
addressed in the literature (Lanz et al., 2010; Salimifard et al.,
2013; Combi and Posenato, 2009). The problem is as follows: Every
5 min (transition patient-arrival), one patient comes to the private
hospital. We assume that in average Np patients arrive everyday
which is denoted by the initial marking of the place P,. At the
reception desk, the patient is asked to give both his id and insur-
ance cards, then called to take a seat in the waiting room. Once
his case is handled, its two cards are inserted in the system for
authentication and verification (see transitions Check-Insurance,
Check-Id). The execution of both tasks should be coordinated as
data need to be exchanged between different systems. However,
in case one of the two tasks is late to respond the coordination
can be delayed for no later than to 2 time units after the maximal
due time. The latencies of both systems to respond to the query are
respectively [2,6] and [3,4]. To specify these requirements,
we consider the following rendezvous:R, := (T, = {Check—
insurance, Check — id}, &, ((Tm, MIN), (Tp, MIN)), (00, 00, o0, 2)).

The associated synchronization rule to R, refers to the non mas-
ter ruleDelayed Or-And. If the insurance and the id are valid, the
patient is admitted and called to move to a second room for a first
diagnosis (transition Admission). Otherwise, his admission is
rejected (transition Reject). We assume that the move lasts
between 2 and 5 min.

Once the patient is examined for a first diagnosis, a nurse
checks for his vital data (transition Obtain-vital) while the emer-
gency doctor asks questions and reports the results on a dedicated
document (transition Exam-Report). The doctor should states in its
report a first diagnosis and assigns the next service to handle the
patient. Both tasks should start together and the exam ends when

the last task ends. To specify the previous constraints, we consider
the following rendezvous associated with a weak-And rule:
Ry:=(Tm={Exam—Report,Obtain—vital}, &,((Tm,MAX), (Tm,MAX)),
(0,00,00,0)).

Once the exam is achieved, the patient is admitted to the ser-
vice provider to be assigned a free bedroom (transition assign-
bedroom). We assume that the hospital possesses k bedrooms
which is denoted by the initial marking of the place bedrooms. If
no bedroom is available, the patient should wait until one is
released. The patient is then admitted to its bedroom and waits
to be handled by the staff of the service he was directed to. We
consider in our case three services which are: the SETMI, the der-
matology and the surgery services The places Ms;, Ms, and Mss
denote the number of patients that can be handled in parallel in
the three services. We assume that the capacity of the three ser-
vices are respectively s;,s; and s3 and depend on the available
medical teams in each service. The patient can be handled only if
a team is free (transitions SETMI-handling, Derma-Handling,
Surgery-handling).

The STEMI (segment Elevation Myocardial Infraction) care
requires two therapeutic actions: In presence of a myocardial
infection, a reperfusion is obtained through a fibrinolytic therapy
(master task denoted by the transition Rep-fibr). The complemen-
tary action consists of the administration of beta blocker drugs
(denoted by the slave transition Oral-beta). We want to express
the fact that the oral therapy neither can start more than 1 min
before the start of reperfusion nor can finish more than 2 time unit
after reperfusion ends. To model this synchronization, we consider
the following rendezvous associated with the master rule
Strong-Open-AND-Master.R, := (T, = {rep — fibr}, Ts= {oral - beta},
((T,MAX), (Tm,MIN)),(1,00,00,2)).

As concerns the dermatology care, it is composed of three par-
allel independent therapeutic actions: a primary care referral, a
pain medication and dermatology referral actions. Following the
case, one, two or the three actions are required. To model
these requirement we consider the following rendezvous with
the rule OR.R;:= (T\, = {Prim — care,derma — ref, pain — medic},
&, (T, MIN), (T, MAX)), (00, 00, 00, 00)).

The last service deals with surgery care following a femur frac-
ture diagnosis. After a CT-scan is done, the next action consists of
two main parallel tasks: surgical planning and pain medication.
The latter task requires the administration of two mandatory drugs
p—m—Aand p—m— B and an optional one p—m —C. A and B
must be taken together, however C has to be given 5 time units
before. Example: Administration of an anti-biotic with an
anti-inflammatory and gastric bandages. For these requirements,
we consider the following rendezvous having the master rule
Adv Weak-Master-AND rule. Ry:= (T ={p—m—A,p—m—B},
(Ts = {p —m- C} ((TM7MAX)7 (Tm7MAX))7 (57 00, 00, OO))

Meanwhile to the medication action, the surgery is being
planned (transition Surg-plan). After the surgery action, a period
of recovery is observed.

Whatever the service we consider, the patient is kept in obser-
vation in its room a certain time once the medical care is achieved.
In parallel, his health report is produced (transitions Doc1,Doc2,
Doc3). Then he is asked to checkout and the bedroom is freed up
for the admission of a new patient.

5. Conclusion

In this paper, we have mainly addressed the modelling of timed
workflow systems with complex synchronizations. We first, intro-
duced the theory behind the concept of rendezvous and hence
inferred all the possible synchronizations patterns that govern its
behaviour. By combining the patterns, we deduce 36 generic
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synchronization rules that can be associated with the execution of
a rendezvous. Afterwards, we enrich the Time Petri Net model with
the rendezvous mechanism to define a formal framework, called
Time Petri Nets with rendezvous (RTPN). A sub class of RTPN is then
introduced called time workflow nets with rendezvous RTWFN. The
latter provides a large panel of concise synchronization patterns
that can deal with any complex synchronization scheme in timed
workflow systems. Further work will lead us to investigate a
methodology for the analysis of the quantitative and the qualita-
tive properties of the RTWFN model, based on state class graph
construction and model-checking.
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