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ABSTRACT

So far, approaches for business process modeling, enactment and monitoring have mainly been based
on process specifications consisting of a single process model. This setting aptly captures monolithic
scenarios from domains in which all possible behaviors can be folded into a single model. However,
the same strategy cannot be applied to domains where multiple interacting (procedural) processes
simultaneously work over the same objects, in the presence of additional (declarative) constraints
relating activities from the same or different processes. A relevant example for this setting is that
of healthcare, where co-morbid patients may be subject to multiple clinical pathways at once, in the
presence of additional, general constraints capturing basic medical knowledge. To fill this gap, we have
previously presented the M3 Framework and an accompanying monitoring technique, which allows
for a hybrid representation of a process using both procedural and declarative models, and supports
the modular creation of multi-process specifications where domain experts can focus on specific
procedures and domain constraints without being forced to merge them into one single specification.
In this paper, we make significant extensions to this framework, allowing us to go from simple toy
examples towards addressing practical real-life scenarios. We achieve this by introducing a richer form
of integration between the interacting process components, in particular supporting asynchronous and
synchronous activities that may operate over local and global (shared) data variables. This is framed
by a discussion of the business meaning of these concepts, the introduction of the corresponding
modeling patterns, and the application of our approach to real-life business processes, the latter being

the driving-force behind this paper.
© 2023 The Authors. Published by Elsevier Ltd. 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 majority of existing process modeling approaches rely
on the assumption that the full knowledge-base (control-flow,

A business process specification is a fundamental instrument
in Business Process Management (BPM), in particular constitut-
ing the main medium for monitoring, enacting, and ultimately
improving business processes. Such specifications are commonly
created in the form of procedural or declarative process models,
depending on the scenario at hand. In general, procedural models
are more suitable for relatively structured processes (e.g., an au-
tomated manufacturing line), while declarative models are more
appropriate to represent flexible and knowledge-intensive [1,2]
processes (e.g., the management of a natural disaster).
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decision rules, temporal aspects, etc.) required for executing
each possible process instance can be embedded into a single
process specification — possibly taking advantage of modular
constructs such as sub-processes. This falls short in all scenarios
where:

e the description of the overall behavior of interest cannot
be straitjacketed into a single, monolithic process, but is
instead best described by considering that a single execution
involves, at once, multiple, distinct (possibly independently
defined) processes;

e one or multiple interacting processes operate under the ef-
fect of additional (declarative) constraints expressing back-
ground knowledge on their mutual interplay, possibly
involving also additional activities and further behavior that
is best described at the declarative level.
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The resulting class of processes is in a way orthogonal to
the currently widely investigated class of object-centric processes
(see, e.g., [3-5]). In fact, while object-centric processes typically
handle the situation where multiple objects and their mutual
relationships are co-evolved by a single process (thus calling for
abandoning at once a single case notion), we are interested in
the simultaneous application of multiple process models to the
same case object, dealing with the interplay of the activities they
contain, and the control-flow patterns they advocate. A prime ex-
ample of this latter type of situation can be found in the medical
domain, where patients with co-morbidities may be subject to
multiple clinical pathways at once (consisting of various medical
actions) that can be enriched with additional, context-dependent
constraints (e.g., reflecting background medical knowledge [6]).
The declarative component hence plays, in this picture, the role of
glue linking together the procedural components and introducing
additional mutual constraints and their simultaneous execution.

A sound and rigorous definition of the execution semantics of
business process specifications in such multi-model scenarios is
crucial to understand how a business process must be executed
to conform to all the (procedural and declarative) components,
while also considering their interplay. For example, prescribing
a certain treatment, without taking into consideration the con-
textual and pre-existing conditions of the patient, may result in
adverse effects causing a worsening of the patient’s state. Ideally,
these conflicts should be detected at early stages of the process
execution and reported to health providers so as to avoid unde-
sired treatment outcomes. Crucially, this cannot be satisfactorily
characterized by only looking into the activities executed so far,
but also calls for considering the possible future continuations of
the case at hand, a problem that in BPM has been so far only
studied in the context of constraint monitoring [7,8].

In our previous works [9,10], we have introduced a semantics
for hybrid, multi-process specifications in which multiple (pro-
cedural and declarative) components, each equipped with local
data conditions, interact only by sharing same-labeled activities.
This results in a very limited form of model interplay, which
falls short in capturing a variety of modeling patterns required
in practice. An example, that cannot be captured in the frame-
work defined there, is the following: the pre-surgery anesthesia
activity in a medical process can appear in different process
models every time a surgery is performed; however, the pre-
surgery anesthesia must be executed anew for each surgery. This
poses the following research question: how to lift the framework
in [9,10] to a more general one that would support the fine-tuned
modeling of how to handle the combined execution of process
components mentioning the same activity, dealing at once with
asynchronous/synchronous patterns, as well as unified/repeated
executions.

This first limitation also relates to a second one of the ap-
proach in [9,10]: namely that the scope of data objects is always
local to single process components. This prevents the possibility
for such components to share data and, in turn, use such shared
data to mutually influence each other. A simple yet effective
example illustrating the need for such shared data is related to
using data to indicate that the presence of the same activity in
multiple process components should be handled in an execute
only once way, that is, executing it one time and skipping the
other expected occurrences (e.g., skipping a medical test on a
patient if the corresponding information is already known, and
specifically if the test has been already conducted as per request
of another process component).

These two limitations alone mean that our earlier seman-
tics [9,10], while suitable to demonstrate the overall idea of
hybrid multi-process specifications, is not sufficient for many
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practical scenarios. In this paper, we specifically focus on over-
coming these limitations, introducing a multi-model framework
equipped with global/local activities and variables, and demonstrat-
ing how these concepts now enable us to tackle real-life business
processes.

We discuss the business meaning of these concepts, introduce
the corresponding modeling patterns, and apply our approach to
real-life business processes. In addition, we extend our semantics
and formalism accordingly, thus providing a solid foundation
not only for execution and monitoring of hybrid multi-process
specifications (both of which we address in this paper), but also
for additional process mining tasks such as model simulation and
conformance checking.

The rest of this paper is structured as follows. Section 2 pro-
vides an example scenario where hybrid, multi-process specifi-
cations are needed, and discusses the limitations of our earlier
monitoring semantics within the business context of that sce-
nario. Section 3 introduces our multi-process framework and its
lifecycle. Section 4 discusses the behavior of global/local activ-
ities and variables, and the accompanying modeling patterns.
The core Section 5 describes the execution semantics of hybrid,
multi-process specifications based on data Petri nets and data-
aware DECLARE. Section 6 adapts the automata-based technique
introduced in [9] to the more sophisticated setting tackled in
this paper, showing how it can be used for monitoring and for
detecting conflicts, which is also instrumental for enactment.
Sections 7-9 conclude the paper by showing how our framework
can be applied in real settings, by describing related work, and by
spelling out directions for future work respectively.

2. Example scenario

Compared to our earlier works [9,10], we present here a more
elaborate example scenario, which allows us to better showcase
the advancements made in this paper. As in [9], we draw inspira-
tion from [11] that shows interactions between two seemingly
disjoint clinical guidelines (CGs) and basic medical knowledge
(BMK). We use the same process model from [11] for a suspected
hip fracture (with some modifications), but this time combining
it with a process model for a suspected appendicitis. The latter
was chosen over the chest infection one used in [11] in order
to demonstrate more complex forms of process interplay. In
practice, our example scenario corresponds to a case where a
patient presents, at the same time, a potential hip fracture, and
a suspicion of appendicitis. First, we describe the process models
and abbreviations for this scenario. Then, we follow up with a
brief discussion on the types of interplay between these models
that will be used to introduce global/local activities and variables.

2.1. Process models

The process of handling a suspected hip fracture (CG1) begins
with the diagnostic activities shown in Fig. 1(a). More specifically,
a hip X-ray (HXray) is executed in parallel with the initial as-
sessment (AP) of the patient’s condition. During AP, the patient
is checked for abdominal pain, and the patient’s temperature
and leukocytes level are measured. HXray produces one or more
images of the hip (not represented in the model), which are
then used as input for formulating a diagnosis (FD). If no hip
fracture is detected, then, based on this process model, the patient
may be discharged (D). If, instead, a hip fracture is detected,
then the doctor may either postpone the surgery (PS) or make
a decision to perform the surgery (hipSD). PS only assumes that
a hip fracture was detected and allows (but does not require) the
doctor to repeat HXray and AP. Note that AP must be repeated
when hipSD is needed and the patient either has abdominal pain,
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(b) Sub-process for a hip surgery and the corresponding followup care.

Fig. 1. Data Petri net representation of the process of handling a suspected hip fracture.

or temperature higher than 37, or leukocytes level higher than 11
(values of which are determined by AP).

The hip surgery sub-process shown in Fig. 1(b) is intended
to be triggered by the execution of hipSD.! In fact, hipSD rep-
resents, in this case, exactly the same activity in both the main
process model (Fig. 1(a)) and also in the hip surgery sub-process.
In the overall process, there will be at most one execution of
hipSD, which would be followed by administering pre-surgery
anesthesia (preSA), and then by performing the hip surgery (hipS)
itself. After the surgery, the patient is prescribed with both post-
surgery analgesia (postSA) for pain relief and physiotherapy for
mobilizing the hip (M).

The process of handling a suspected appendicitis (CG2) begins
with the diagnostic activities shown in Fig. 2(a). First, an initial
assessment (AP) of the patient’s condition is executed in parallel
with a computerized tomography scan (CT) of the abdomen. The
results of AP and CT (the latter not being modeled) are then used
as input for formulating a diagnosis (FD), after which the doctor
may start amoxicillin therapy (AT). AT can, in some cases, lead to
a successful treatment, which would then lead to discharge (D)
the patient. If, however, AT is unsuccessful then a decision to
perform an appendectomy (appSD) must be made instead. It is
also allowed to skip AT for any reason (e.g., an allergy), and to
discharge the patient if appendicitis is not diagnosed.

Analogously to CG1, the appendectomy sub-process shown in
Fig. 2(b) is intended to be triggered by the execution of appSD,
and appSD represents exactly the same activity in both the main
process model (Fig. 2(a)) and the sub-process (Fig. 2(b)). The
appendectomy sub-process also follows the same overall struc-
ture as the hip surgery. First, the pre-surgery anesthesia (preSA)

1 The term “sub-process” is used here mainly to assist in the intuitive
understanding of the example scenario. In fact, sub-processes are not an explicit
part of our execution semantics. Instead, they are treated as independently
defined process specifications, which are then integrated into the global process
behavior as all other process specifications.

is delivered, then the appendectomy itself is performed (appS),
followed by post-surgery analgesia (postSA) for pain relief and
(if possible) amoxicillin therapy (AT).

To make the scenario complete, we must also introduce at
least one additional rule for connecting CG1 with CG2. In this
case, we specify that if both abdominal pain (ab_pain) and leuko-
cytes level (leuk) above 11 are detected during the activity AP in
CG1 (i.e., there is reason to suspect appendicitis), then CG2 must
be executed (constraint C1). Finally, to demonstrate the role of
BMK in our framework, we introduce a second rule, specifying
that executing preSA (in any process model) requires any ongoing
amoxicillin therapy to be stopped (stopAT) in order to avoid
potential complications during surgeries (constraint C2). Both
these rules can be modeled using constraints expressed with the
semantics introduced in Section 5.

2.2. Interplay from the business perspective

There are multiple types of interplay in the given example
scenario. In this section, we give an overview of these from the
business perspective. We start with the ones that fit our earlier
monitoring semantics [9] precisely. The most obvious of these is
the same-labeled activity D which appears in both CGs. In our
earlier semantics it corresponds to the rule “if multiple specifica-
tions require the same event to occur, then its single occurrence
should satisfy all of them”, or in other words, each activity always
synchronously progresses all process specifications containing
that activity (potentially causing a violation of specifications that
do not allow the given activity at the given point in time to be
executed). This matches the intuition of discharging a patient
from a hospital quite well, assuming that the patient will, as a
result, physically leave the hospital.

A similar argument can also be made for activity FD, if we
assume that all required diagnosis activities (from any CG) must
be completed before a full diagnosis and treatment plan can be
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(b) Sub-process for an appendectomy and the corresponding followup care.

Fig. 2. Data Petri net representation of the process of handling a suspected appendicitis.

compiled. Of course this does not hold in all cases (e.g., when
an immediate treatment is required), but we consider a syn-
chronous progression for activity FD reasonable in the given
example scenario. We also leverage this type of interplay to trig-
ger the execution of a “sub-process” (activities hipSD and appSD),
although a constraint-based approach (similar to the one adopted
with the definition of constraint C1) could be used instead.
However, the above semantics does not fit the other same-
labeled activities. For example, even if we assume that the pre-
surgery anesthesia (preSA) is exactly the same in both CGs, then
we still cannot assume that executing preSA for a hip surgery
means (synchronously) executing it also for an appendectomy. In-
stead, activity preSA would always have to be (re)executed before
each surgery, and the same also applies to activity postSA. An-
other example is activity AT, which appears twice in CG2 — first,
to treat appendicitis and, second, to assist the post-surgery recov-
ery. And again, we cannot assume that executing AT in the initial
treatment makes it not necessary for the post-surgery recovery,
and we certainly cannot assume that both happen synchronously.
Activity AP appears in both CGs, and provides values for the
same variables (ab_pain, temp, and leuk). However, CG1 allows AP
to be skipped, while CG2 does not. This is due to the fact that,
when considering CG1 in isolation, postponing the surgery (PS)
leads to a state in which values from the previous execution of
AP could be reused, while CG2, again in isolation, does not allow
for any similar reuse. However, if we consider the combination
of these CGs together with constraint C1, for globally valid execu-
tions, activity AP in CG2 is executed after it was already executed
in CG1. In this case, instead of requiring a second execution
of AP (which would be unavoidable in our earlier monitoring
semantics [9]), we should allow the second execution of AP to be
skipped, and the values already determined in CG1 to be reused.
This, in turn, requires using global (shared) variables. On the
one hand, global variables can be used to capture data (e.g., the
aforementioned values) about the same object, which is concur-
rently flowing through multiple processes. On the other hand,
global variables can be used for more sophisticated types of
interplay, e.g., for the definition of global “control variables”. For
example, it is reasonable to assume that two surgeries cannot be

ongoing at the same time. In the given scenario, this could be
achieved by defining an additional global boolean variable (inS)
both to track if the patient is in surgery or not, and to disable (or
enable) activities hipSD and appSD, accordingly.

The above discussion is summarized in Table 1 as an overview
of global activities, local activities, global variables, and local vari-
ables, specifying their meanings, primary use cases, and examples.
Practical application of these concepts is further elaborated on
in Section 7, after we have introduced the surrounding Multi-
Process Framework (Section 3), the prerequisite modeling pat-
terns (Section 4), and the corresponding execution semantics
(Section 5.5).

3. The framework

Addressing scenarios like the one described in Section 2 re-
quires not only to consider potential interactions between various
combinations of models, but also a framework for handling these
combinations. For this purpose, we iterate upon our M3 Frame-
work presented in [9], uplifting it from a monitoring specific
framework to a more general purpose framework for eliciting,
managing, and executing hybrid process specifications. The main
changes (Fig. 3) are (1) changing the Monitoring Phase to Execu-
tion Phase, and (2) adding activity and variable scope definitions
in the specification repository. The main steps within the phases
of the framework are largely unchanged compared to [9].

The elicitation phase of the framework is envisioned as a con-
tinuous case-agnostic phase, during which domain knowledge
(standard procedures, classifiers, etc.) and organizational context
(business priorities, available resources, etc.) are transformed into
concrete process specifications, which are then stored in a ded-
icated specification repository. Both declarative and procedural
specifications are supported, and multiple specifications of either
paradigm can be used to represent a single global process, thus
supporting not only hybrid process specifications, but also, for
example, component-based and aspect-oriented modeling ap-
proaches [12]. Full agreement between the individual process
specifications is not assumed, instead each specification is asso-
ciated with a priority value that is used during monitoring to
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Table 1
Overview of global activities, local activities, global variables, and local variables.
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Common use cases

Example

Global Activity - Considered equivalent to all other
same-labeled activities, and always executed

Milestones representing the overall process
moving from one stage to the next.

FD and D in the example
scenario.

concurrently in all process models containing it.

models.

Synchronous connections between process

hipSD and appSD in the
example scenario.

Local Activity - Considered distinct from all other
same-labeled activities, but may be subject to global

Activities that have distinct names across
all models.

HXray, CT, etc. in the example
scenario.

constraints.

models.

Same-labeled activities that must always be
executed as distinct across all process

AP, AT, etc. in the example
scenario.

Global Variable - Variable that is shared, both for
reading and writing, by every process model referring

Shared information that characterizes the
objects involved in the ongoing case.

ab_pain, temp, and leuk in the
example scenario.

to that variable by name.

Control variables for enforcing specific
types of interplay.

inS for handling interactions
between surgeries.

Local Variable - Variable that is both distinct and also
private to the process model defining that variable.

Private information that characterizes the
objects involved in the ongoing case.

h_fract, app, and AT _suc in the
example scenario.

Control variables used to define the
behavior within a single process model.

i for counting the number of
iterations.

>

Rules and ! ::
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Fig. 3. Conceptual overview of the framework.

provide guidance to the user in resolving any potential conflicts.
Individual models can contain both global and local activities and
variables, with the default scopes being defined (or modified)
within this phase on a per-activity and per-variable basis.

The preparation phase of the framework is envisioned as a
case-specific non-recurrent phase in which an incoming case
is assessed, relevant process specifications are selected, and a
corresponding hybrid specification is automatically created and
provided as input for the subsequent execution phase. This hy-
brid specification will encompass the combined behavior of all
selected specifications, the corresponding specification priorities,
activity and variable scope definitions, and, if required, addi-
tional case-specific modifications and constraints. The selected
process specifications can be smaller fragments of a single busi-
ness process, but also fragments or full specifications of mul-
tiple, separately defined (but concurrently executed) business
processes.

The execution phase of the framework is envisioned as an on-
going case-specific phase, covering the entire duration of the case
being monitored and/or executed. During this phase, the state
of the process and the set of next recommended actions (with
data payloads) are updated after the occurrence of each event,
thus providing guidance towards the successful completion of the
case. This phase has a conceptual two-way relation with the event
stream of the ongoing case. In the previous monitoring-focused
iteration, it represented the fact that recommendations (if fol-
lowed) will indirectly effect the event stream through actions
of the process workers. In the new framework, this connection
becomes more direct as, at the heart of this phase, there is now
an actual process execution engine of the hybrid specification.

4. Interplay and modeling patterns

In Section 2.2, we took the business perspective to demon-
strate why, in a multi-process setting, some same-labeled ac-
tivities and attributes should be considered global, while others
should be considered local. In this section, we dive deeper into
these differences from the modeling and enactment perspec-
tive. We use relatively small toy examples to demonstrate the
behavior of global activities, local activities, global variables, and
local variables in procedural process specifications.”? We also dis-
cuss additional modeling patterns, which we believe would be
commonly used in such a setting.

We rely on Petri nets and Data Petri nets, formally introduced
later in Section 5.3. Here, it is sufficient to know that a Petri
net can be used to model the control flow of a business pro-
cess through a system of places and transitions. In this system,
transitions represent activities of the process, while places track
the current state of the process. Data Petri nets extend this by
allowing to add read and write guards to transitions, which need
to be satisfied in order to execute the corresponding activities.
In our setting, a write guard checks and stores values from the
activity data payload (i.e., allows activities with a certain data
payload to be executed), while a read guard checks the latest
values stored by write guards to decide if a corresponding activity
can be executed.

2 The declarative process specifications of the framework continue to behave
as in our previous work, however event provenance information is assumed
to be specified in the event payload so that events of specific models can be
referred to by defining filters on this information.
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|: model m1

|: model m2

start K S$1 M end

L

Fig. 4. Example Petri nets, with same-labeled activities S1 and S2.

|: model m1

|: model m2

Fig. 5. Petri net representing the combined behavior of m1 and m2, when S1
is defined as a global activity and S2 as a local activity.

4.1. Global and local activities in Petri nets

Global activities function exactly the same as same-labeled
activities in [9,10], i.e., executing a global activity means concur-
rently progressing all nets which contain that activity (possibly
violating some of them). In contrast, a local activity always be-
haves as if it had a distinct label from all other same-labeled
activities, i.e., executing a local activity progresses only the net
which produced that specific event.

To exemplify this difference further, consider the Petri nets
presented in Fig. 4. When taken individually, the first Petri net
(m1) allows for executions: A, S1, B, C and A, S1, S2, C, while
the second Petri net (m2) allows for executions: K, S1, S2, M and
K, S1, L, M. Meanwhile, the combined behavior of m1 and m2
depends on whether the same-labeled activities S1 and S2 are
defined as global or local activities.

If both S1 and S2 are defined as local activities, then the
combined behavior of m1 and m2 will allow for any interleaving
of valid executions of both models. For example, the execution
A K, S1, S1, B, L, C, M would be valid, as it does not violate the
control flow of either model, and also reaches the end state of
both. Notice that activity S1 occurs twice in the given example,
first progressing one of the models and then the other. To decide
which model to progress first, all local activities are assumed to
carry a data value, denoting the provenance of the specific activity
instance. An invalid execution would be, instead, the execution A,
K, S1, B, C, M, because it contains a single instance of S1, but also
because it is missing either S2 or L, one of which is required by
m2 before executing M.

By defining S1 as a global activity, we get the combined
behavior presented in Fig. 5. In this case, S1 basically becomes
a shared activity between m1 and m2, represented by a single
shared transition. This has the obvious impact of requiring only
one occurrence of activity S1, which will now progress both
models concurrently. However, this also means that the first three
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|: model m1

|: model m2

start K M end

Fig. 6. Petri net representing the combined behavior of m1 and m2, when both
S1 and S2 are defined as global activities. Activities B and L are greyed out
because, in this case, they cannot occur in any valid execution.

Fig. 7. A Data Petri net with a local variable x.

activities of any globally valid execution must now be either A, K,
S1ork A S1.°

An additional peculiarity of global activities can be shown by
also defining S2 as a global activity. This results in prohibiting
activity B in model m1 and activity L in model m2, thus deciding
in advance the otherwise free-choice points after the S1 in both
models. The corresponding combined behavior matches our ear-
lier monitoring semantics [9] and can be represented as the Petri
net shown in Fig. 6. This combined behavior implies, on the one
hand, that some invalid executions can be automatically detected
and handled in advance. On the other hand, it may result in
unintended side-effects, which may not be obvious at first glance,
especially for more complex models.

In general, global activities behave as synchronization points.
Any globally valid execution requires all the models sharing the
same global activity to execute that activity synchronously. This
means that each model must, at the same time, be in a state
which allows that (global) activity to be executed.

4.2. Global and local variables in Petri nets

Differently from the previous section, we begin here by first
discussing local variables, as they function exactly the same as all
variables in our earlier monitoring semantics [9,10] (and in Data
Petri nets in general). We then proceed with global variables and
the interaction between global activities and global variables.

To explain local variables, we modify model m1 from the
previous section by adding a write guard (condition x > 0) on
A, a read guard (condition x <= 5) on B, and another read guard
(condition x > 5) on S2. Based on the resulting model m1’ (Fig. 7),
when A occurs, its data payload is checked for the attribute x. If
the corresponding value in the activity payload does not match
the condition x > O (or is missing), then A is considered a
violation of the model. Otherwise, the value of x is assigned to
the corresponding variable of the net. The process execution then
continues with S1, after which it reaches a decision point, which
is now governed by two guards. These guards specify that B

3 Even in the case of global activities, we still track both global and local
execution states. For example, the execution A, S1, K, B, C would result in a
global violation, a local satisfaction of m1, and a local violation of m2.
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|: model m1'

Alx>5] s1 s2

Fig. 8. An alternative version of the Data Petri net m1’, which is equivalent in
terms of allowed executions and makes the behavior of local variables explicit.

|: model m1'

o s2
Variable x
... r x<=10

|: model m2' wixs0 -

Fig. 9. Data Petri nets m1’ and m2’ with a global variable x.

should be executed if x <=5, and S2 should be executed if x > 5.
However, as these are read guards, the check is not performed
on the activity payload, but, instead, on the last assignment of
variable x, which now leads to either B or S2 to be executed next.

Notice that, the decision between B and S2 is actually made
when executing A. We can take advantage of that fact by basically
embedding the variable value into the structure of the net itself.
This would give us the model shown in Fig. 8, which is still equiv-
alent in terms of both possible executions and violations. We
showcase this alternative model here primarily to assist in under-
standing how read and write guards function, however, a similar
transformation is also used when constructing the automaton of
a Data Petri net in Section 5.

Defining x as a global variable, means that it will be shared
among all nets referring to that variable. To explain this in more
detail, we use the model m1’ and a similarly modified model m2’,
and we define x as a global variable, resulting in the combined
behavior summarized in Fig. 9. Compared to the previous exam-
ple, the decision between B and S2 is now no longer determined
when A is executed. Instead, K could be executed after activities A
or S1, potentially changing the assigned value of the (now global)
variable x. For example, a valid execution could now be A[x=1],
K[x=10], S1, S1, S2, S2, M, C. In addition, this example has the
side-effect that B and L can only occur in the same execution
if B occurs before K or if L occurs before A. This is because the
corresponding read guards of B and L are mutually exclusive and
only A and K can provide suitable values for these guards.

Finally, we elaborate on the interaction between global activ-
ities and global variables by defining S2 in our previous example
as a global activity (Fig. 10). As discussed in Section 4.1, activ-
ities B and L become prohibited for globally valid executions.
In addition, when a global activity has (read or write) guard
conditions referring to global variables, then any globally valid
execution must match the union of these conditions. In this case,
the original conditions were x > 5 and x <= 10, resulting in
the combined condition 5 < x <= 10. We note that, if a global
violation occurs in this case, then the locally non-violated nets
will still progress, allowing the process execution to continue.
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w: x>0 D

|:mode| m1'

A

S1

Varia@ ........

|: model m2' w: x>0 K

start K S1 D M end

Fig. 10. Data Petri nets m1’ and m2’ with a global variable x and a global
activity S2. Activities B and L are greyed out because, in this case, they cannot
occur in any valid execution. The read guard on S2 is updated by combining
the corresponding guards in m1’ and m2.

4.3. Additional modeling patterns

The introduction of global variables enables multiple modeling
patterns for specifying the interplay between process models.
In the following, we introduce some of these, which will be
useful both from the perspective of modeling, and to provide
further insights into how our multi-process setting works. In the
following subsections, we refer to the example models as primary
and secondary: the primary model is the one that either enables
or imposes some behavior on the secondary model.

4.3.1. Data-based activity skipping

Global variables allow us to rather easily support, not only
the reuse of some values across multiple models, but also to
avoid redundant activity executions for (re)determining these
values. More specifically, we can use global variables to store
these values, and then add additional silent transitions (i.e., tran-
sitions that can be taken without performing any activity), with
corresponding guards, to skip the potentially redundant activities.
An example of this is given in Fig. 11, where L in the secondary
model can be skipped if the value of variable x is already provided
by A in the primary model. An analogous silent transition could
also be added for skipping A in the primary model. In Section 7.2,
we apply this pattern to solve a similar redundancy of the initial
assessment of the patient in our example scenario.

4.3.2. Blocking read guards

With global variables, we can relax the assumption that an
individual Data Petri net must provide values for every vari-
able that it may need to read. Instead, these values could be
provided by other nets, thus even allowing for nets, which do
not contain any write guards nor initial variable assignments. In
addition to sharing and reusing global values, this also enables
an additional form of synchronization besides global activities.
More specifically, read and write guards can be defined such that
the execution of one net is effectively blocked until another net
provides some value. This is demonstrated in Fig. 12 where the
execution of the secondary model can start only after executing
activity B in the primary model.

4.3.3. Blocking Petri net regions

In addition to sharing data values between models, it is also
possible to use global variables to share values that are explicitly
intended to modify the control flow of the combined process.*
This allows the modeler to create models where a region of one

4 Our current monitor implementation assumes that such values are still
carried in the activity data payloads.
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|:Primary model
w: x>0
start A \( B end

Variable x ---------- ..
: w: x>0 .. nx<=10

|:Secondary model

Fig. 11. An example where activity L in the secondary model can be skipped
if a valid value of variable x is already provided by activity A in the primary
model.

model is effectively disabled while activities from a region of an-
other model are being executed. For example, in Fig. 13, activities
L and M in the secondary model cannot be executed before the
execution of the primary model ends. In Section 7.2, we apply a
variation of this pattern to prohibit multiple concurrent surgeries
in our example scenario.

4.3.4. Forced control flow restart

Another example of using global variables to modify the con-
trol flow of the combined process can be seen in Fig. 14. In this
example, a global variable is used to force the ongoing execution
of the secondary model to restart if activity B is executed in the
primary model. However, note that if the secondary model in the
given example is fully executed before executing activity B, no
restart of the secondary model is required.

4.3.5. Optional data Petri nets

In some cases, like in the example scenario in Section 2, it is
not expected for all procedural specifications to be mandatory. In
the simple case, the optionality of a procedural specification can
be obtained by adding a silent transition from the beginning of
the “optional” model to the final state of the model. An example
of this is shown in Fig. 15, where the secondary model is modeled
as optional, and a “response” constraint is used to specify that, if
activity B occurs, activity K must eventually occur after B, thus
moving the secondary model into a state that requires to fully
execute it.

However, this pattern works only if the “optional” model has
no global activities. As shown in Section 7.2, when a model
contains global activities, a case-by-case approach must be taken
to make sure that the global activities will always be executed
correctly.

5. Formalizing hybrid multi-process specifications

In this section, we discuss the representations of declarative
and procedural data-aware process specifications, touching not
only upon the formalisms for their representation, but also dis-
cussing the types of events they have to process. We then show
how such specifications can be integrated into a single model,
allowing for synchronous inter-model operations as well as global
and local memory management.

The process specifications come from two separate (procedu-
ral and declarative) data-aware modeling paradigms, and rely on
two formalizations respectively provided by:

e Data Petri nets (DPNs) [13,14], where a Petri net is extended
with (categorical and numerical) variables, and transitions
are equipped with read-write guards over those variables;
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|: Primary model
w: x>0

start A - B ¢ end
AN
Variabl
r:x<=10

|:Secondary model

Fig. 12. An example where the decision between activities K and L in the
secondary model can only be made after executing B in the primary model.

|: Primary model

w:x=F wix=T
stat A e B s end
Variable x
Secondary model
rx=T." rx=T
start K L M end

Fig. 13. An example where activities K and L of the secondary model are not
allowed to be executed while the primary model is being executed.

I: Primary model

C

end

) N
Variabl 3
B ariable x N

. rx=F " .

I:Secondary model

start K L M end

Fig. 14. An example where choosing to execute activity B in the primary model
forces a restart of the secondary model after activity L.

|: Primary model

Fig. 15. An example where the secondary model is required to be executed only
if activity B in the primary model is executed.
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guards are of the form of so-called interval conditions, as
they are constituted by boolean combinations of atomic
conditions comparing variables against constants.

e A variant of DECLARE extended with event attributes and
data-aware guards over those attributes [15,16], using the
corresponding data-aware extensions of linear temporal
logic over finite traces (LTL; [17]) to formally capture its se-
mantics, following [18]; in particular, consistently with the
choice done for DPNs, we focus here on guards expressed as
interval conditions, like in [13].

It is important to notice that the variant of DECLARE with in-
terval conditions that we consider in this paper still admits an
automata-based characterization grounded on traditional finite-
state automata [ 19], thanks to the fact that interval conditions can
be faithfully abstracted using a finite number of propositions, as
shown in [13]. This is a crucial observation that, de facto, allows
for the seamless adoption of reasoning techniques existing in the
DECLARE literature [20], and that will be exploited in Section 6 for
monitoring hybrid specifications obtained by merging DPNs with
DECLARE constraints defined on top of them.

All in all, the composition of different procedural models and
a declarative specification interconnecting them can be seen as a
data-aware version of the hybrid approach introduced in [21], ex-
tended here with global/local activities/events, global/local vari-
ables, and interval conditions over such variables used in the
transitions of the procedural models and in the constraints of the
declarative one.

Complete, formal definitions of the aforementioned specifi-
cations and formalisms can be found in Appendix A, while the
following subsections focus on the specifics of the approach pre-
sented in this paper.

5.1. Events and traces

An activity is a tuple (n, g, A), where n is the activity name,
q is the process reference and A = {ay,...,a,} is the set of
event attribute (names). As our main goal is to define a multi-
process framework, we use the process reference to indicate the
provenance of the activity, which is the specification to which
the activity belongs. This also unambiguously identifies activities
belonging to different specifications that share the same name,
but may differ in terms of the attributes they carry, and captures
situations in which different activities sharing the same name
have a different “local” meaning in different specifications.

We also consider “global” activities that (i) are either used in
multiple process specifications retaining the same meaning, and
thus represent shared activities over which the process specifica-
tions need to synchronize, or (ii) constitute additional activities
not mentioned in any process specification (that may be subject
to declarative constraints). To distinguish such global activities,
we fix a special process reference global, not used to identify any
specification.

In the following, we fix a finite set £ of activities, and introduce
for it the set of all activity names Ng, the set of all process
references Pg, and the set of all attribute names A¢. We call £ well-
formed, if it does not contain same-named activities for the same
process specification, and each global activity is uniquely defined.
Hereinafter, the sets of activities are assumed to be well-formed.

Example 1. Consider the medical example scenario of Section 2.
Let cg1 be the name of the default process for handling patients
with a hip fracture. Here are some of its activities:

e (HXray, cg1, ¥) represents a hip x-ray test executed in the
context of cg1;
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e (FD, cg1, {hip_fract}) indicates the formulation of a diagno-
sis for hip fracture, where hip_fract is a boolean attribute
reporting whether a hip fracture is present or not;

e (AP, global, {temp, ab_pain, leuk}) is a global activity (shared
with other possible process specifications) for assessing the
patient’s health parameters that are listed in the activity’s
attributes. <«

An event over activity (n,q,A) € £ is a triple e = (n,r,v),
such that n € Ng, g € P and v : A — R is a total function
assigning to every attribute in A an actual value. For simplicity,
we assume attributes ranging over reals equipped with compar-
ison predicates (simpler types such as strings with equality and
booleans can be seamlessly encoded). As usual, we call a finite
sequence o = eq - - - e; of events a trace, where each e; is an event
over some activity in &.

5.2. Interval conditions

As we defined above, events in our framework carry data
payloads, assigning values to attributes. On top of that, we require
that process specifications come with local and global data vari-
ables. It is natural to assume a language for expressing conditions
over such attributes and local/global data variables. As we show
later on, such conditions form the basic building blocks to express
filters and updates over local/global data variables.

Using the language (inspired by the one from [13]), it is possi-
ble to define formulas whose components are atomic expressions
of the form a © ¢, where ® € {<,=,>},c € Rand a € V¢,
where V4 is a generic set of data variables. Using V9, it is possible
to define conditions in a general way, abstracting away from
whether they are applied to attributes or local/global variables.
Moreover, boolean combinations of multiple a ® ¢ expressions
capture open and closed intervals over R. For example, x > 0 A
x < 5 characterizes the fact that x € (0, 5]. For this reason, we
refer to such combinations as interval conditions. The language of
interval conditions over V¢ is denoted as £ya.

With some abuse of notation, we use L¢ to indicate the
language of interval conditions over the attributes mentioned in
the activities of £. Given ¢ € £,4, we denote by Var(p) C V9 the
set of data variables mentioned therein.

When an assignment v : V¢ — R satisfies an interval
condition ¢ € L4, we write v |= ¢ (see Appendix A.2 for the
formal definition). With some abuse of notation, we say that an
event e = (a, n, v) satisfies an interval condition ¢, writtene = v,
ifv = o

Example 2. The following interval condition captures the ex-
pected ranges for different patient’s health parameters:

temp > 35 A (ab_pain = T Vv ab_pain = L) A leuk > 4.

This condition is satisfied by the assignment {temp — 36, ab_pain
— L, leuk = 5}, but not by the assignment {temp — 34, ab_pain
+— L, leuk — 5} (as the temperature condition is violated in the
latter case). «

5.3. Data Petri nets

To model procedural process specifications, we rely on Data
Petri nets with interval conditions (simply referred to as DPNs
in the paper), following [13,14]. DPNs extend traditional place-
transition nets with the possibility to manipulate scalar case
variables, which are used as basic building blocks to constrain the
evolution of the process through data-aware read-write interval
conditions (called guards) assigned to transitions. In particular,
a Data Petri net with interval conditions (DPN) D over a set £ of
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activities is a tuple (q, P, T, F, 1, V,r, w), where (i) (P, T, F) is the
Petri net graph; (ii) [ : T — N U{t} is a labeling function (here t
denotes a silent transition); (iii) V is a set of net’s data variables;
(iv)r : T — Ly (resp.,, w : T — Ly) is a read (resp., write)
guard-assignment function, mapping every transition t € T into a
read (resp., write) guard from Ly.

The execution semantics of DPNs extends that of place-transi-
tion nets with the ability to check and manipulate the net’s vari-
ables via transition guards. As opposed to classical Petri nets [22],
a transition is enabled in our setting only if its read and write
guards are satisfied under a given “firing mode” - a function
that assigns values only to variables of the guards - and all the
input places of the transition contain sufficiently many tokens to
consume. Here, to check the read guard, the firing mode function
picks values currently available in the net’s state, while for the
write guard it assigns to its variables any real values that would
satisfy the guard (this accounts for “constrained” user input).
When a transition is enabled, it may fire by consuming the nec-
essary amount of tokens from its input places and producing the
necessary amount of tokens in its output places, and by updating
all the values assigned to variables in the write guard using
the firing mode function. Values assigned to all other variables
remain untouched.

In this paper, we deal only with DPNs that are 1-bounded
and well-formed over their respective set of event activities &.
The well-formedness means that a silent transition cannot update
net variables, and the write guard of each non-silent t € T of
D uses variables matching attributes of an activity (n, g, A), for
which I(t) = n and either ¢ = D (i.e., (n, q,A) is a local activity
for D), or ¢ global (i.e., (n, q,A) is a global activity). Such
requirements appear natural in the monitoring context: we can
always assume that variables are only manipulated by a fired
visible transition, which is triggered by the corresponding event.
Furthermore, an event does not bring more data than is foreseen
by the system design, and its payload is used to update the net
variables (proviso that the corresponding write guard is satisfied).

Example 3. Fig. 1 graphically depicts a DPN. Notice that the
DPN is well-formed w.r.t. a set of activities containing the three
activities introduced in Example 1. <«

5.4. DECLARE with local filters

To capture declarative constraints over the different DPNs
and global activities, we adopt a data-aware variant of the well-
known DECLARE language [23]. In particular, the data-aware ex-
tension, that we consider, is in line with the notion of activity
introduced before (including a process reference and a set of
attributes, beside the activity name), and with interval conditions
specified over attributes. Process references are used in this con-
text to capture: (i) multi-process constraints that relate activities
of different specifications; (ii) constraints involving global activ-
ities, thus regulating when and under which conditions they are
expected to (not) occur.

A (propositional) DECLARE specification describes (temporal)
constraints that must be satisfied throughout the system (or pro-
cess) execution. Constraints, in turn, are based on templates. Tem-
plates are patterns that define different types of properties, pa-
rameterized by the actual activities on which they are applied. To
build constraints, templates are then instantiated on actual activ-
ities. The semantics of DECLARE templates is usually formalized
using Linear Temporal Logic over finite traces (LTLy) [8,24].

In our data-aware extension, activities come with process ref-
erences and also attributes. It is then natural to consider interval
conditions (from Section 5.2) over those attributes, expressing
“local filters” that identify which actual events match. We hence
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call the resulting language LF-DECLARE and use the following
grammar to define its constraints:

45:T|qn|qn/\(p|X<D|(D1U<D2|—-<D|<D]/\q§2

Here, ¢ € Pg is a process reference, n € Ng is an activity
name, ¢.n indicates the activity with reference q and name n
(due to well-formedness, this activity is unique), and ¢ is an
interval condition over Ag(q.n) (attributes of activity g.n). This
grammar defines the syntax of an extension of LTL; with interval
conditions, which we refer to as LTL}C (LTL over finite traces with
interval conditions). Full definitions of the syntax and semantics
of this logic are given in Appendix A.4.

As in standard LTL;, X denotes the strong next operator (which
requires the existence of a next state where the inner formula
holds), and U denotes the (strong) until operator (which requires
the right-hand formula to eventually hold, forcing the left-hand
formula to hold in all intermediate states). Starting from LTL}C
and the standard templates of (propositional) DECLARE, one can
derive the complete set of LF-DECLARE patterns (see Appendix A.4
for more details), each of which comes with its name, graphical
representation, and formalization in LTL}C.

Example 4. Consider the example scenario given in Section 2,
more specifically the logic-based rule specifying that whenever
the initial assessment of the patient (AP) from the clinical guide-
line CG1 is executed, then it must eventually be succeeded by
starting the clinical guideline CG2. This rule can be captured as
response(CG1.AT,CG2.start), assuming that CG2 contains a special
activity CG2.start. This constraint, in turn, corresponds to the LTL;
formula:

G(CG1.AT — XF(CG2.start)).

However, the above constraint is not sufficient in the given
scenario. It is necessary to further specify that this constraint ap-
plies only if abdominal pain (ab_pain) is detected during AP. This
can be captured as response(CG1.AT A ab_pain T,CG2.start),
which corresponds to the LTL{" formula:

G((CG1.AT A ab_pain = T) — XF(CG2.start)). <

Notice that the data conditions of LF-DECLARE mirror the guard
language of DPNs, providing a solid basis for their combination.
Differently from other, richer data-aware extensions of DECLARE,
interval conditions cannot mutually relate different attributes of
the same or of distinct activities, as done, for example, in [25-
27]. Notice that, for the type of enactment and (anticipatory)
monitoring we consider in this paper, adding such features would
make the resulting underlying temporal logic too expressive, in
turn causing undecidability of these two tasks [28].

5.5. Hybrid multi-process systems with local-global memory

We are now ready to integrate in a unique, combined speci-
fication the procedural and declarative process components de-
scribed in Sections 5.3 and 5.4. This results in what we call
a hybrid multi-process system with local-global memory, which
consists of the following elements:

e a set of local and global activities;

e a set of shared global variables that are accessed and manip-
ulated by the different process specifications;

e a set of procedural process specifications, each defined as
a DPN that uses local and global activities to operate over
global and local variables;
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Fig. 16. Graphical representation, in the style of [21], of an HMPS consisting of two procedural (DPN) process specifications and two declarative (LF-DECLARE)
constraints. In the figure, g is a global activity, x is a global variable, and y is a variable local to Qi.

e a declarative specification in LF-DECLARE specifying the
behavioral boundaries of the system, and in particular con-
straining global activities and local activities of the proce-
dural process specifications, as well as the attributes of such
activities.

Definition 1 (Hybrid Multi-Process System with Local-Global Mem-
ory). A hybrid multi-process system with local-global memory,
HMPS for short, is a quadruple S = (&, V, P, D), where:

e £ is a finite set of activities, with &€& = {(n,q,A) € E | q =
global} the set of global activities;

e V C A¢ is the set of global variables;

e P is a finite set of (procedural) DPN models over activities
£ and variables Ag, such that the variables used by two
distinct DPNs from P only intersect over V;

e D is a LF-DECLARE (declarative) specification component
over £. <«

Example 5. Fig. 16 shows a graphical representation of a rela-
tively simple HMPS. It consists of two procedural process spec-
ifications named Q1 and Q2. There is one global variable x, and
another variable y local to Q1. Activity g is global, while all other
activities are local to the two specifications (including the two
start activities — the one for Q1 has no attribute, whereas the one
for Q2 has x as attribute). Finally, the HMPS is equipped with two
LF-DECLARE constraints:

e chain response(Q2.start A X > 10,Q2.d), indicating that
whenever Q2 is started in a moment where x > 10, then
the activity d is expected to occur next;

e neg-succession(Q2.e,Q1.b), expressing that it is not possible
to execute b in Q1 after e has occurred in Q2. <«

We now discuss the execution semantics of HMPSs. Achieving
a conceptually reasonable solution is far from trivial and cannot
be achieved by simply “merging” together the semantics of all the
involved specifications.

Let us start by defining a state of a HMPS. The system state
needs to keep track of the state of each individual DPN, while
also providing enough information to check the satisfaction of
the LF-DECLARE constraints (see Appendices A.3 and A.4 respec-
tively for the underlying formal definitions). The latter requires
recalling the history of events produced from the beginning of the
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execution until the current moment, since LF-DECLARE constraints
are evaluated over traces.

To this end, a state of HMPS S (&,v,P,D) is a triple
(Qp, @y, o), where (i) Qp = ((My, @1), ..., (Mp, arp)) is a P-state
holding states of all the DPNs from P; (ii) oy : V — R is the
global variable valuation, which must agree with the respective
local valuations from P (i.e., for any 1 > i,j < |P|, it holds that
aij(v) = aj(v) = a(v)); (iii) o is a trace over £ representing the
execution history. A state is initial if its execution history is empty.

Example 6. An initial state of the HMPS in Fig. 16 is the one
assigning one token to py in Q1 and to p4 in Q2, and —1 to both
the global variable x and the local variable y. «

The enactment for HMPSs is defined by taking into account the
following four inter-specification types of interactions.

(1) Enablement in procedural process specifications. In our set-
ting, the procedural specifications are treated as enablers of ex-
ecution steps (i.e., indicate what can be done next) and do not
force specific executions.

Example 7. Consider the HMPS of Fig. 16 in the state where place
ps contains a token. In this state (ignoring all constraints for now),
both c and d are enabled and one of them will fire. <«

(2) Local/global activities and asynchronous/synchronous exe-
cution. Silent transitions and transitions labeled by local activ-
ities are enabled based on the local state of their DPN, and
consequently are also, in a way, fired locally: upon firing, the
other procedural specifications stay put. This captures a form of
asynchronous execution.

The case of a transition t labeled by a global activity g is
instead radically different. Since the activity is global, its exe-
cution affects the other procedural specifications as well. This
calls for a clarification on how this relation should be interpreted.
We opt for the following, synchronous semantics: transition t
is enabled in the whole HMPS if it is enabled in every proce-
dural specification that contains g. The execution of g is then
performed synchronously for all the involved procedural specifi-
cations, mapping one event for g to the simultaneous firing of
multiple transitions. This reconstructs, in the more general setting
of HMPS, the execution semantics of [9].
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Example 8. Consider the HMPS of Fig. 16 and, in particular,
the global activity g. Since both procedural specifications Q1
and Q2 actually employ g, an event for g can only occur by
simultaneously firing the two transitions of Q1 and Q2 contained
in the gray area. This, in turn, can only occur in states where both
places p, and p; contain a token. The result of executing g is that
of consuming those tokens while simultaneously producing one
token in p3 and one in pg. <

(3) How declarative constraints force specific executions among
the ones allowed by a procedural specification. We can force spe-
cific executions of a procedural specification through LF-DECLARE
declarative constraints. In particular, constraints can be used to
force executions that do not violate the constraints.

Example 9. Consider again the HMPS of Fig. 16, assuming
that the start transition of Q2 is fired in a state where global
variable x is assigned to 10 (which is indeed satisfying the read
guard attached to the transition). In this case, the LF-DECLARE
chain response constraint attached to the transition requires that
activity d is executed immediately after. This in turn means that
even if, from the point of view of the procedural specification,
both ¢ and d are enabled (since place ps contains a token), only
d can fire, since the execution of c is forbidden by the chain
response constraint. <«

(4) Interaction with declarative constraints and anticipation of
conflicts. So far, we have been discussing the enablement of tran-
sitions only considering the current HMPS state. We now argue
that this is a satisfactory approach to enactment only if we accept
the possibility that execution may at some point lead to a state
where some declarative constraints present in the system are ir-
revocably violated (i.e., violated without the possibility of further
continuing the execution to bring them back to satisfaction).

This problem has been widely studied in runtime verification
and (anticipatory) monitoring [29], also in the context of pro-
cess monitoring for DECLARE constraints [7,8], but has not been
explored for hybrid systems.

To ensure that, in an enactment step, the HMPS must agree
with that step not only by considering the history collected so
far and the current state of affairs, but also by ensuring that there
exists a continuation of the execution that satisfies all constraints
present in the HMPS. This yields a more sophisticated notion of
enablement that combines the past and the present with specu-
lative reasoning on the possible futures. The sophistication of the
resulting framework shows the power of hybrid specifications.

Example 10. Consider the HMPS of Fig. 16, and the state assign-
ing one token to p, and one token to pg, with x assigned to 10 and
y to —1. Activities e or f appear to be executable in this state in
Q2. In fact, their corresponding transitions are enabled in the DPN,
and their firing does not lead to the permanent violation of the
LF-DECLARE specification. However, by reasoning on the possible
future continuations, it becomes instead clear that e cannot be
executed, and consequently there is currently no choice for how
to continue Q2. In fact:

e Executing e has the effect that the neg-succession constraint
of the HMPS forbids to execute b from Q1 afterwards.

e However, executing b is essential, as Q1 needs to update y
to some value >5 to be able to finally trigger the transition
of Q1 that has the global activity g as label.

On the other hand, if Q1 progresses first by executing b and
assigning y to some value >5, then it becomes possible to choose
ein Q2. «

12

Information Systems 119 (2023) 102271

Now, after having discussed heterogeneous elements that are
paramount for defining the enactment of HMPSs, we are ready to
formalize it. To do so, we introduce the concept of a move that,
in turn, refers to one of the three cases:

1. the firing of a silent transition in a procedural process
specification;

2. the occurrence of a local event (i.e., an event referring to a
local activity), and the firing of a corresponding transition
in a procedural process specification;

3. the occurrence of a global event (i.e., an event referring to
a global activity), and the simultaneous firing of multiple
transitions in the affected procedural specifications.

Definition 2 (Move). A move is a pair (y, 8), where: (i) B
VU U<j<n Vi = R is a partial valuation function, and (ii) y €
T? U Ng X Pg, where T is the set of all transitions from P that
are labeled with 7. «

Given a move, we need to know whether it is enabled in a
given system state. To define the enablement, we introduce a no-
tion of complete traces — traces that properly execute procedural
specifications, while leading to a final state where all declarative
constraints are satisfied.

Definition 3 (Complete Trace). Given an HMPS S = (€, V, P, D)
with initial state so = (Qp,, oy, ¥), a trace o is called complete iff
o = D and o can be replayed on S with its initial state sg, that is,
every (n, q, v) € o can be mapped either onto a possibly empty
set of transitions (if g = global), where each transition ¢ has a
label n and its partial valuation function agrees with v on Var,(t),
or onto a single transition (if ¢ # global) labeled with n and
whose partial valuation function agrees with v on Var,(t)> <

The concept of move enablement (and eventually firing) is
essentially mirrored from the transition enablement of DPNs.
Definition 4 (Move Enablement). Given an HMPS & =
(£,V, £2,P,D) and a state s = (Qp, oy, o) over S, a move (y, 8)
is enabled for S in s if the following conditions hold:

1. the move refers to an enabled transition labeled with t or
a local activity, that is, y = t € T* N T; and (M;, o5)ly, B),
for some D; € P;

2. the move refers to a global activity, and all procedural spec-
ifications mentioning that activity have a corresponding
enabled transition, that is, y = (n, global) and for all D; € P
and t; € T; such that £(t;) = n, we have (M;, a;)[t;, B);

3. the move guarantees the possibility of continuing towards
a complete trace, that is, there exists a trace suffix ¢’ such
that o - e - ¢’ is complete, where e = (n, q, v) is an event
obtained from y € N¢ X Pg,  and s.

Finally, whenever an enabled move is executed, we need to
define how it updates the system state and whether the update
of the execution history can be completed by further moves into
a trace that can be replayed on the HMPS model.

Definition 5 (Move Enactment). An enabled move can be enacted
resulting in a new state s’ = (Qp, !, ¢’), denoted as s[y, B)s,
such that

e Qp is obtained from Qp by firing all enabled transition
under the firing mode B;

5 In the case of q = global, the set of transitions is possibly empty as the
global activity may match only against the one in £2, which does not affect Q.



A. Alman, FM. Maggi, M. Montali et al.

o o,(x) = B(x), if x € Var,(t) for each t such that £(t) = n
and y = (n, q), and o},(x) = ay(x), otherwise;

e o' =o0,ifyeT", and o’ = oé, otherwise. «

All the provided definitions are directly translatable into cor-
responding algorithmic checks, with the exception for condition 3
of Definition 4, which requires an algorithmic technique to check
for the existence of a continuation of the current trace towards
a complete one. This is directly obtained as a by-product of the
construction of a monitor for the HMPS of interest, which is the
subject of the next section.

We close this section by an important clarification on the over-
all execution semantics HMPSs. According to Definition 3, a trace
is complete if it contains a sequence of transitions that is com-
patible with the firing semantics of each procedural component,
and is so that, globally, it satisfies all the declarative constraints.
This, in turn, means that no specific requirement is given on
the expected progression through the procedural components:
for each procedural component, a valid trace can stop at any
moment. In Petri net terms, this means that we interpret Petri
net transitions as cold transitions [30], which is compatible with
the execution semantics recently defined for fragment-based case
management [31,32].

This assumption is not in par with the setting where some pro-
cedural component comes with an expected progression from the
initial state to a desired (deadlocking) final marking - a customary
assumption in many approaches, such as, notably, workflow nets.
Conceptually, this may indeed be relevant to indicate that a
procedural component has to be “fully executed” regardless of
the other components and the declarative constraints. In Petri net
terms, this would call for a hot semantics of transitions therein,
where whenever the current marking does not correspond to
the final one, the procedural component expects that one of the
enabled transitions is selected and fired.

Notably, both semantics can be seamlessly accommodated in
the HMPS framework. If one takes the standard semantics of
complete trace as per Definition 3, interpreting one procedu-
ral component according to the hot semantics simply calls for
altering that component as follows:

1. a (deadlock) final marking is defined for the procedural
component;

2. the procedural component is altered by introducing a spe-
cial goal transition that is enabled only when the final
marking is reached (thus being the only one enabled in that
marking);

3. a LF-DECLARE constraint postulating the existence of such a
goal transition is added to the declarative constraints, thus
requiring its execution.

All in all, depending on the context, each procedural compo-
nent can thus be interpreted according to the (standard) cold
semantics or the hot one, following this procedure. In the remain-
der of the article, we adopt a hot semantics for all procedural
components. This reflects that, for example, each relevant clinical
guideline indeed comes with an expected final marking, which is
also used to characterize that it must be (data-aware) sound [13]
- namely that every (partial) trace can be extended to reach its
final marking in a clean way, and that every modeled transition
can be indeed fire in some execution.

6. Automata-based monitoring

Monitoring an HMPS of interest consists of receiving a se-
quence of events at run-time generated by a black-box system,
returning a fine-grained feedback on the satisfaction or violation
of each procedural and declarative specification, as well as of their
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interplay. Dealing with the interplay of specifications is essential
for the same reason discussed in Section 5.5 in relation with the
possibility of continuing the execution towards a complete trace.
In fact, a running execution could lead to a state of permanent
violation that cannot be ascribed to any specific specification, but
only emerges from their mutual interplay.

Example 11. Consider the monitoring counterpart of the en-
actment described in Example 10. In particular, assume that
the HMPS of Fig. 16 is monitored starting from an initial state
assigning one token to py and one token to p4, withx =y = —1.
Consider now the following (partial) trace o consisting of the
following sequence of events:

1. (start, Q1, ¥);

2. (a, Q1, {x — 10});

3. (start, Q2, ¥);

4. (d, Q2, %)

This can be replayed on both DPNs, and can be extended into a
trace that satisfies the two declarative constraints, so the monitor
returns a positive feedback both for the single specifications and
for their overall interplay.

Suppose now to extend o with a further event of the form
(b, Q1, {y — —1}). This violates the procedural specification Q1,
as the written guard attached to the transition fired in correspon-
dence of the given event, which indicates that y should be written
with a non-negative value, is violated.

Suppose instead to extend o with a further event of the form
(e, Q2, ). Even though no single specification is violated, their
interplay is, as there is no way to further continuing the execution
and eventually satisfy all declarative constraints, for the same
reason described in Example 10. <«

To construct a suitable monitor, we need to tackle two main
issues: (i) the assimilation of input process specifications into a
single hybrid specification (required for the preparation phase
in Section 3); (ii) the interpretation of incoming events against
this hybrid specification (required for the execution phase in
Section 3). From an algorithmic perspective, both challenges can
be addressed by encoding each DPN and LF-DECLARE specification
into a corresponding finite-state automaton. From the control-
flow perspective, this is guaranteed by the fact that we consider
safe DPNs, and that LTL; has an automata-based characterization
grounded in standard finite-state automata [8,17]. The main issue
is caused by the presence of data, for a twofold reason. On the
one hand, there are infinitely many assignments for the variables
used in a HMPS; on the other hand, transitions in the automaton
cannot only contain the indication of the processed event name,
but have also to specify the corresponding guard on its attributes.

To handle these two aspects, we employ a variant of a finite-
state automaton called guarded finite-state automaton (GFA), that
fully captures the execution semantics of the specification. A GFA
is a standard finite-state automaton, with the only difference that
the transitions of the automaton are decorated with data condi-
tions, imposing additional restraints on when a specific transition
is allowed. The fact that this automaton has finitely many states
is guaranteed by the specific shape of guards employed in HMPSs,
namely interval conditions (Section 5). In fact, given the constants
explicitly mentioned in the HMPS, and those used when defining
the initial state, interval conditions partition the real line into
finitely many intervals, constructed based on these constants.
Such intervals can then be used to propositionalize the repre-
sentation of the HMPS states (in particular for what concerns
the assignments to local and global variables), as well as that
of events and their payload. This is based on the approaches
presented in [13,33].
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Fig. 17. Main steps and intermediate artifacts for creating the monitoring automaton.

In the following, we give a conceptual overview of the nec-
essary steps to construct such automata. Correctness is directly
obtained by considering:

o the propositionalization abstraction taken from [13,33];

e the standard construction of an automaton for each LTL;
formula;

e the construction of an automaton per DPN, directly using its
execution semantics (considered in isolation);

e the fact that finite-state automata can be subject to elimi-
nation of silent moves and determinization;

o the fact that we employ the standard notion of cross-product
to compute the overall monitor, accounting for the interplay
of the different specifications, and dealing with the process-
ing of global activities in line with the execution semantics
of HMPSs.

6.1. Monitoring automaton

The GFA representation allows for capturing the semantic
meaning of each individual process specification (including the
data perspective), while also fully accounting for the execution
semantics outlined in Section 5.5. Additionally, the annotated
monitoring automaton enables early conflict detection and next
activity recommendations as explained next in Section 6.2.

The creation of the monitor automaton occurs at the end of
the preparation phase of our framework (Section 3) and consists
of the following main steps (see Fig. 17):

Propositionalization — Translation of the original process spec-
ifications into propositionalized specifications based on inter-
val abstraction. Activities and attribute-constant combinations
(including intervals between the constants) used in the process
specifications are extracted and enumerated to form propo-
sitions. The activity names and conditions are then replaced
in the original process specifications with equivalent sets of
propositions to form propositionalized specifications similarly
to the approach presented in [13,33].

Individual GFA Construction — Creation of an equivalent GFA
for each propositionalized process specification. For each
propositionalized LF-DECLARE formula, we construct its LTL;-
based automaton using standard construction techniques [8,
17]. For each propositionalized DPN, we translate its (finite)
reachability graph into a corresponding guarded automaton,
making sure that, in every state, we keep track of the (propo-
sitionalized) assignment of each global variable.

In addition, we apply two additional considerations in view
of the execution semantics of HMPSs. First, additional edges
have to be added in consideration of global variables. Specifi-
cally, since global variables may be asynchronously updated by
other specifications, in every state of the DPN automaton one
has to consider the presence of additional edges accounting for
all possible updates done to the global variables by other speci-
fications. Secondly, additional self loops are added to all states
of the GFA for handling events that the DPN should ignore,
and additional trap states are added for handling permanent
violations.
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Cross-product GFA Construction — Combining the individual
GFAs into a cross-product GFA. A standard automata cross-
product algorithm can be used, given that the guards of the
transitions are encoded as simple propositional strings. The
only special consideration to be applied is that states of dis-
tinct DPN GFAs can only be combined if they agree on the
(propositionalized) assignment to global variables. Notice that
the asynchronous/synchronous semantics of local/global ac-
tivities is mirrored in the cross-product thanks to the pres-
ence/absence of the self-loops mentioned in the previous
step.

Finally, notice that the cross-product GFA should not be min-
imized. In this way, it accounts for distinct violation states,
each indicating in a fine-grained way which specifications are
actually causing the violation.

Violation Model Integration — Annotation of the cross-product
GFA states with a corresponding global monitoring status and
a corresponding monitoring status of each individual process
specification. In the current implementation, this is performed
through the concurrent traversal of the cross-product GFA and
the individual GFAs.

Cost Model Integration — The procedure begins by annotating
each GFA state with the total cost of temporary and permanent
violations incurred in that state. Here, the cost is equivalent
to the priority value of the specification (introduced in the
elicitation phase of Section 3), thus making the highest priority
specifications also the most costly to violate. A copy of these
annotations is made and then updated iteratively, based on
the corresponding values of the successor states, so that the
lowest value is kept after each iteration. As a result, each
state of the cross-product GFA is annotated with the total cost
of stopping the process execution in the given state and the
lowest possible total cost of violations achievable from that
state.

6.2. Event processing

Event processing in the proposed monitoring approach is
somewhat analogous to other existing automata-based monitor-
ing approaches [7,8]. The main differences are that each incoming
event must be translated into a propositional string belonging to
the alphabet of the monitoring automaton, and two additional
post-processing steps are performed after updating the state of
the monitoring automaton, one for determining the new state
of the monitor, and one for determining the next activity rec-
ommendations (see below). An overview of the event processing
steps is provided on Fig. 18.

The processing of each observed event occurs at the beginning
of the execution phase of our framework (Section 3) and consists
of the following main steps:

Event Propositionalization — Translation of the observed event
into the equivalent propositionalized event. The propositional-
ized event is required to correspond to one of the propositions
used in the monitoring automaton (Section 6.1, Propositional-
ization step) and can therefore be used directly to transition
the monitor automata to the corresponding next state.
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Fig. 18. Main steps and intermediate artifacts for processing a single event.

Monitor State Determination — Determination of the monitor-
ing state based on the propositionalized event. The monitoring
state can be looked up directly based on the corresponding
GFA annotations and consists of a global monitoring state and
the monitoring state of each individual process specification
(Section 6.1, Violation Model Integration).

Trace Continuation Assessment — Determination of the next
activity recommendations based on the cost model annota-
tions of the GFA. Each immediate successor state of the current
monitor automaton state is evaluated to determine the set of
states that can lead to the minimum total cost of violations.
The propositional labels of the transitions leading to the best
successor states are translated into equivalent events (includ-
ing the data perspective) and returned as the set of activity
recommendations.

7. Evaluation of practical feasibility

As a prerequisite of the evaluation, we first outline some gen-
eral principles for visualizing HMPSs. These principles are then
used to describe the HMPS of our example scenario (Section 2), as
well as the HMPSs of two additional real-life scenarios. For each
scenario, we also describe all modeling steps that were necessary
to correctly define the interplay between the initial individual
process specifications (base-models). In doing so, we demonstrate
that the advancements made in this paper enable us to now
go from the artificial examples of our previous works [9,10]
towards addressing practical real-life scenarios. For performance
and scalability tests, we refer the reader to [10].

7.1. Visualizing the hybrid specification

To visualize the hybrid specifications, we take inspiration from
the works on hybrid process modeling and discovery (e.g., [21,
34]). As, for example, shown in Fig. 19, we combine already ex-
isting conventions for visualizing DPNs and DECLARE constraints
by using the transitions in DPNs as DECLARE constraint endpoints
(e.g., Constraint C1). The local filters used in DECLARE constraints
are placed in gray-white rectangles, each connected to the transi-
tion to which the filter applies (e.g., activity AP in constraint C1).
If DECLARE constraints refer to any additional activities, then these
are added as rectangles (e.g., activity stopAT in constraint C2).

Local activities (e.g., HXray) and local variables (e.g., h_fract)
are represented using existing conventions. Global variables are
highlighted by surrounding them with a rectangle with a gray
dashed line (e.g., ab_pain). Differently from Section 4, global ac-
tivities are not merged, but instead aligned vertically and then
highlighted with a shared gray background (e.g., FD). The latter
was chosen for improving the readability of larger visualiza-
tions. Violation costs are currently omitted in order to reduce the
complexity of the visualization.

15

Information Systems 119 (2023) 102271

7.2. Handling the example scenario

Handling the example scenario presented in Section 2 requires
not only defining which activities and attributes are global and
which are local, but also making some modifications in the base-
models themselves. Most, if not all, of these modifications could
be avoided by simply creating the models with keeping our
framework in mind from the very start. However, given that
our framework has been introduced only recently, it is more
likely that one would adapt already existing models. To mimic
this situation, we deliberately described our example scenario
(Section 2.1), and the base-models therein (Fig. 1 and Fig. 2),
without any of the interplay-related modifications, instead pre-
senting these modifications as part of the evaluation. In total, five
modifications of the base-models were necessary.

The first modification (no. 1 in Fig. 19) is the addition of
an artificial activity init in the model CG2a. This is necessary
because CG2a originally started with a choice between two initial
activities AP and CT, but our current formalism requires each
constraint to refer to a single global or local activity. By adding ac-
tivity init we can define constraint C1 as an LF-DECLARE constraint
response(CG1a.AP A ab_pain T A leuk > 11, CG2a.init). We
could also use CT for constraint C1, which would be equivalent
w.r.t. the allowed executions, but not as clear business-wise. An
alternative could be adding support for imposing behavior on en-
tire models with constraints (e.g., constraint response(CG1a.AP A
ab_pain = T Aleuk > 11, CG2a) to specify when executing CG2a
should start, without referencing a specific activity).

The second modification (no. 2 in Fig. 19) is a direct application
of the “Data-based Activity Skipping” pattern (Section 4.3.1). Note
that the condition for skipping AP in CG2a is stricter than in CG1a.

The third modification (no. 3 in Fig. 19) is almost the direct ap-
plication of the “Optional Data Petri Nets” pattern (Section 4.3.5).
The only difference is that CG1b and CG2b are triggered by global
activities instead of by constraints.

The fourth modification (no. 4 in Fig. 19) is an example of a
more complex case of optionality. Here, we should modify CG2a
to also be optional, but recall that every global activity always
progress all process specifications containing that activity. As
a result, applying the “Optional Data Petri Nets” pattern (Sec-
tion 4.3.5) is not sufficient as the (business-wise valid) execution
HXray, AP[ab_pain = L, temp = 36.6, leuk = 5], FD[h_fract=T], ...,
would still result in a violation of CG2a. This is because executing
the global activity FD always requires tokens in its preceding
places in CG2a. To solve this issue, we have added two silent
transitions before FD, one simply for readability, and the other to
allow for skipping AP and CT in CG2a. The global activity appSD
is not a concern since CG1 does not contain that activity and we
have already made CG2b optional. The global activity D, instead,
requires adding another silent transition that would allow D to
be executed after executing FD. Furthermore, we need to make
sure that this silent transition will be taken iff FD was executed
without starting the execution of CG2a. This is achieved by adding
an additional local variable init and two corresponding guards.

The fifth modification (no. 5 in Fig. 19) is a variation of the
“Blocking Petri Net Regions” pattern (Section 4.3.3). The pattern
is applied here with the same global control variable inS across
the four individual DPNs. Furthermore, it is applied in a way
that it not only prohibits multiple concurrent surgeries, but also
activity D while a surgery is ongoing. More specifically, either
surgery decision (activities hipSD and appSD) can be made only
while inS = L. Any surgery decision then sets inS = T, thus
blocking the other decision and, as a result, the corresponding
“sub-process”. This block is lifted by activity postSA by setting
inS = _ that, in turn, allows either the other surgery decision
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Fig. 19. Visual representation of the combined behavior of our example scenario. Numbers 1-5 highlight the base-model modifications discussed in Section 7.2.

to be made, or the patient to be discharged. Note that, the post-
surgery activities M and AT are not directly tied to inS and can
even occur after the activity D.

Finally, we define the constraint chain precedence(stopAT,
preSA) (constraint C2) to specify that activity preSA requires
activity stopAT to be executed beforehand. In this case, we do
not specify the provenance of the activities, since the constraint
applies across all individual models.

In summary, a total of five modifications were necessary in
the example scenario, three of which (2, 3, and 5 in Fig. 19)
were direct applications or variations of the modeling patterns
introduced in Section 4.3. The other two are more complex modi-
fications that point towards some necessary improvements of the
proposed semantics with regards to optionality and enablement
of individual process specifications.

7.3. Sepsis treatment process

Our first real-life scenario is based on the well-known sepsis
treatment event log [35] and on the corresponding extensive case
study presented in the PhD thesis of F. Mannhardt [36].

7.3.1. Base-models

For our base-models, we use the Petri net representations of
the activity patterns from [36, Section 13.5]. Originally, these
patterns are used as input for Guided Process Discovery [36,
Section 9.2]. However, each activity pattern, as presented in the
thesis, is basically an independent procedural model composed
of some low-level activities, which represents the execution of a
single high-level activity. In the following, we view these activity
patterns as individual sub-processes that will be combined within
our framework.

The original activity patterns can be found in [36, Section
13.5]. However, they are also easily recognizable in Fig. 20, as
each Petri net of that figure (labeled with P1-P5) is based on ex-
actly one activity pattern. Out of these, P3 was redesigned (while
retaining it's behavior) because the original model contained mul-
tiple copies of the same activity within the same model, which we
currently do not support. We also slightly modified P2 to make it
visually more compact.
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Originally, the activity patterns did not contain any data con-
ditions, most likely because the corresponding approaches pre-
sented in [36, Section 9.2.2] “require that variables are not shared
between activity patterns”. However, many of the conditions
discovered in the same case study [36, Section 13.3] actually do
cross the activity pattern boundaries (e.g., Hypotensie is written
in P1 but read in P3). Given that our approach does not have this
limitation, we reintroduced all these data conditions. The only
exception is LacticAcid, which, based on the text of the case study,
is used to simply check if Lactic Acid has been executed or not,
and was changed into a boolean attribute accordingly. We also
reintroduced the corresponding transitions as needed, e.g., the
transition to skip the release activities in P5, if LacticAcid = L.

7.3.2. Interplay

We first note that, [36, Section 13.5] also presents a Petri net,
which composes the individual activity patterns (from which we
derived our base-models) into a high level process description.
This could be used as the basis for combining our base-models,
however, it does not capture all of the intricacies of the actual
sepsis treatment process. Instead, we have analyzed both the
normative model [36, Section 13.1.3] and the data conditions [ 36,
Section 13.3] of the same case study to combine our base-models
in a more accurate manner.

We begin by connecting the base-models P1 and P2 using two
constraints (no. 1 in Fig. 20). First, we add an artificial activity
P2.init to define constraint precedence(P1.ER Registration, P2.init).
This constraint specifies that any activities of P2 can only be
executed after P1.ER Registration, as required by the normative
model. Second, we define constraint succession(P1.ER Registra-
tion A DiagnosticLacticAcid = T, P2.Lactic Acid) to enforce that
P2.Lactic Acid can be executed if and only if P1.ER Registration
occurs with DiagnosticLacticAcid = T (as required in [36, Section
13.3]).

We also connect P1 to P3 by using three constraints (no. 2
in Fig. 20). As before, we add a similar artificial activity P3.init
to define constraint precedence(P1.ER Sepsis Triage, P3.init). This
constraint specifies that any activities of P3 can only be executed
after P1.ER Sepsis Triage, as required by the normative model.
Additionally, we add constraints neg-succession(P3.init, P1.IV Lig-
uid) and neg-succession(P3.init, P1.IV Antibiotics) to specify that



A. Alman, FM. Maggi, M. Montali et al.

Information Systems 119 (2023) 102271

Global activity / Milestone

PS5
Discharge
st treat_fin Release B h fin end

% Release C

treat fin end _’| A
Release D
Release E

. SIRSCriteria2OrMore = F amiera f]

Declare filter:
DiagnosticLacticAcid = T

P1
ER

[ Admission

Admission NC

treat fin  end

Admission IC

Fig. 20. Visual representation of the combined behavior of the sepsis treatment process. Numbers 1-5 highlight constraints and base-model modifications discussed

in Section 7.3.2.

activities P1.IV Liquid and P1.IV Antibiotics can never occur after
the execution of P3 has started. This also comes from the nor-
mative model where the execution of these two activities is only
possible between P1.ER Sepsis Triage and any type of admission.

Base-models P3 and P4 consist of the same two same-labeled
activities. However, both of these must still be defined as local
activities because P3 refers to the initial admission of the patient,
while P4 refers to transfers between different wards of the hospi-
tal [36, Section 13.5]. To connect P3 and P4, we add two artificial
activities P3.fin and P4.init to define constraint precedence(P3.fin,
P4.init) specifying that transfers of the patient may only occur
after the patient has been admitted (no. 3 in Fig. 20).

Based on the normative model, all the activities in P1-P4 must
be either executed or skipped before any of the activities in P5
can be executed. This is represented by a single silent transition
in the normative model. The most natural way of replicating
this behavior in our framework is by introducing an artificial
activity treat_fin (no. 4 in Fig. 20) at the end of base-models P1-
P4 and at the beginning of P5, and defining it as a global activity.
Additionally, we need to add a silent transition into base-models
P2 and P4 to allow treat_fin to be executed correctly even if the
execution of these models was not triggered for the given case.

We also need to handle activity Return ER which was not
part of any of the activity patterns, and thus is not included in
our base-models. We could create an additional model only con-
taining that activity. However, a more elegant solution (no. 5 in
Fig. 20) is to add an artificial activity P5.fin and then a constraint
chain precedence(P5.fin, Return ER) specifying that activity Return
ER requires P5.fin to occur immediately beforehand.

Finally, we also need to define which variables are global and
which are local. In this case, there are no same-labeled variables
with a different meaning or usage within different models. There-
fore, we can take the simple approach of defining all variables,
which are shared by multiple base-models, as global variables and
all other variables as local variables.
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In summary, we were able to successfully represent the be-
havior of a real-life sepsis treatment process using the modeling
patterns and semantics discussed in this paper. Achieving this
required seven constraints and five artificial activities across all
base-models. This is a promising result in terms of the practical
feasibility of the approach. However, the use of artificial activities
still adds modeling complexity. A common theme of artificial
activities in this case study is that they were almost always
added either at the beginning or at the end of the base-models,
highlighting the need for better handling both enablement and
also fulfillment of individual process specifications.

7.4. Loan application process

Our second real-life scenario is based on the loan application
event log [37] from BPIC 2017. As in Section 7.3, we do not
create the base-models for the evaluation from scratch. Instead,
we use the analysis results presented in [38,39], and also our own
insights gained with the tools RuM [40]° and Apromore [41]”. The
resulting combined behavior is shown in Fig. 21.

7.4.1. Base-models

The BPIC 2017 loan application process is described in [38] as
three separate, but interconnected, business processes: loan ap-
plications, loan offers, and workflow activities. For each process,
the authors provide a Petri net model discovered via automated
process discovery. For the original models, we refer the reader
to [38]. However, they are also easily recognizable as M1, M2, and
M3 in Fig. 21. All three models were usable in our approach as-
is, but further interplay related modifications were still necessary
(Section 7.4.2).

6 https://rulemining.org/
7 https://apromore.com/
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Fig. 21. Visual representation of the combined behavior of the loan application process. Numbers 1-6 highlight constraints and base-model modifications discussed

in Section 7.4.2.

The models did not contain any data conditions, however,
based on the text of [38], we added conditions for skipping
activities A_Submitted and W_Handle leads based on the loan
application type (guards referencing the variable app_type in
Fig. 21). We note here that, while loan application type is a case
attribute in the original event log, we require each variable to
be associated with a specific event. In this case, we associated
the loan application type to activity A_Create Application which
is always the first activity of the process in the original event log.

7.4.2. Interplay

In [38] the authors highlight a total of 17 connections between
the three models. However, all of these connections are presented
in an informal manner and most of them are not described in
detail. Furthermore, we discovered that some of these connec-
tions have numerous counterexamples in the original event log.
Therefore, we complemented the analysis from [38] with the
information found in [39], which provides an overview of the
main phases of the same process, and with our own process
analysis to validate the correctness of the process behavior.

Based on [39], the process starts with submitting the loan
application, which is followed by a series of initial checks. Any
loan offer can then be made only after these initial checks have
completed (represented by activity A_Accepted). This, in turn,
gives us the first natural milestone of this process, which we
model by first adding the activity A_Accepted into models M2 and
M3, and then making that activity global (no. 1 in Fig. 21).

The next interplay related connection (no. 2 in Fig. 21) is
based on [38] and specifies that activity W_Call after offers can
only be executed after an offer has been sent (O_Sent (online
only) or O_Sent (mail and online)). We model this requirement
by applying the “Blocking Read Guards” pattern (Section 4.3.2)
together with a global boolean variable o_sent. More specifically,
activities O_Sent (online only) and O_Sent (mail and online) will
set the value of o_sent to T, thus satisfying the guard of W_Call
after offers and allowing it to be executed. As an alternative, we
could instead use a target-branched precedence constraint [42].

Based on the activity descriptions in [39], the application is
considered complete (represented by activity A_Complete) once
the orders have been sent. We found that activity W_Call after
offers should also occur before that point. Therefore, A_Complete
is the second natural milestone of this process, which we again
model by first adding the activity A_Complete into models M2
and M3 and then making that activity global (no. 3 in Fig. 21).

Next, we rely on the general descriptions of the process [38,39]
to define some additional relations (no. 4 in Fig. 21) between
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the activities that follow A_Complete. More specifically, we de-
fine constraints co-existence(M2.0_Returned, M1.A_Validating) to
specify that an order can be validated iff it is returned, co-
existence(M1.A_Incomplete, M3.W_Call incomplete files) to spec-
ify that a call about incomplete files can only occur iff the
application is determined to be incomplete, and co-existence
(M2.0_Accepted, M1.A_Pending) to specify that an offer can be
accepted iff the application is accepted (the latter is represented
by activity A_Pending).

Finally, we add an artificial activity app_fin (no. 5 in Fig. 21)
to represent the point after which all loan offers have been
processed and a final decision on granting the loan must be
made (A_Pending if the loan is granted, and A_Denied otherwise).
This added activity also requires adding two additional silent
transitions in M3 (no. 6 in Fig. 21) in order to support both the
cases that reach activity app_fin, and also the cases that may be
canceled beforehand.

We also note that, in the BPIC 2017 log, there may be multiple
loan offers for each loan application, which leads to the issues of
divergence and convergence [3] that our approach is currently
not equipped to handle. In fact, two consecutive executions of
O_Create Offer for different offers would violate the model M2.
We could mitigate this modeling problem to some extent by
modeling M2 as a LF-DECLARE specification, as this would allow
us to compactly represent the interleavings among multiple loan
offers. However, this would also require to specify additional
rules over sets of loan offers. For example, if a loan application
is accepted, then exactly one loan offer must be accepted for that
application, while all other loan offers must be rejected. These
rules would require to correlate applications and offers, calling for
modeling of advanced constraints merging the temporal and the
data dimension, which are in general undecidable to monitor [43].

8. Related work

We discuss related work along two directions: one oriented
towards the main support task of interest in this article, namely
process monitoring, and the other oriented towards the need of
integrating multiple perspectives when dealing with processes,
namely integrated process modeling. We structure the discussion
along the main lines of research and types of approaches dealing
with these two problems.

Monitoring Petri net models. There are various works that rely
on different classes of Petri nets for capturing (in)appropriate
system behaviors. One of the first works studies a monitoring
approach that detects errors by controlling the number of tokens
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inside P-invariants [44]. Another work [45] proposes a workflow
management system that encompasses workflow monitoring and
delay prediction modules based on resource-aware Petri nets.
These approaches all share the common assumption that the full
process specification is given as a single monolithic Petri net,
which can be insufficient in domains with highly flexible and
knowledge-intensive processes.

Monitoring declarative specifications. Here, we restrict our-
selves to approaches related to DECLARE (for comparisons with
other approaches please refer to [46]). While existing DECLARE
approaches in general assume that a single specification is used,
splitting it into multiple specifications (e.g., one specification
per constraint) would be semantically equivalent. This is well
exemplified in [7], where the truth value of each constraint is
monitored individually and possible global conflicts are han-
dled by the conjunction of all the constraints being monitored.
The DEcLARE language has also been extended to account for
multiple perspectives by considering activity payloads, and cor-
responding monitoring approaches have been developed (see,
e.g.,[27,47]). However, none of these works studied monitoring
of LMP-DECLARE constraints in hybrid specifications.

Conformance checking. The task of monitoring can be consid-
ered as the runtime version of conformance checking [48]. The
vast majority of conformance checking approaches in the process
mining spectrum exclusively focus on a single modeling paradigm
(declarative or procedural), and do not take into account multiple
perspectives, in particular data, with some relevant exceptions
briefly reviewed next.

Techniques for data-aware conformance checking have been
studied both in the procedural and declarative setting. Within the
procedural realm, the most investigated approach focuses on data
Petri nets [13,36], introducing data-aware alignments that do not
only consider the events contained in the log, but also the data
payload they carry. Computing such alignments is combinatori-
ally hard, and has been attacked using Al techniques based on
optimized state-space search [14] and through logical encodings
into Satisfiability and Optimization Modulo Theory [49]. In the
declarative setting, conformance checking of data-aware variants
of DECLARE dates back to the seminal work in [50], with a naive
yes/no output, while more sophisticated forms of feedback are
defined through ad-hoc algorithms in [26].

The interplay of multiple process specifications (both proce-
dural and declarative) has been addressed in a few approaches.
A recent work [21] studies the conformance checking task for
mixed-paradigm process models that integrate Petri nets and
DECLARE constraints. However, this setting does not consider any
activity payloads and, as customary to conformance checking,
the authors focus on alignment of complete traces and not on
monitoring ongoing incomplete process executions. In the med-
ical domain, [6] has brought forward the need of combining
procedural knowledge encapsulated in CGs with general medical
knowledge, and to consider their interplay when checking confor-
mance of actual behaviors. In [11], this interplay is studied with
the goal of obtaining explanations on the actual behavior, i.e., how
to automatically explain why certain actions were taken during
the treatment of a specific patient, in the light of multiple CGs and
BMK. All these approaches consider the interplay of procedural
and declarative models when analyzing historical data, and hence
cannot be applied at online to provide runtime feedback on
running executions.

Object-centric process models. Object-centric process models
have been recently introduced to handle processes that do not
have a single notion of case, but inherently co-evolve multiple
objects, which are mutually related through one-to-many and
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many-to-many relationships. Tackling such processes as first-
class citizens requires avoiding the “flattening” effect caused by
a notion of a single case when applying modeling, analysis, and
process mining techniques [51].

Different approaches to capture the control-flow backbone of
object-oriented processes have been studied in literature, ranging
from declarative [52] to procedural approaches [53-56].

In [52], activities are related to objects structured in a data
model. DECLARE constraints over such activities can then be suit-
ably scoped by expressing co-references through the classes and
relations present in the data model.

In the procedural spectrum, approaches differentiate from
each other mainly depending on whether they support explicit
or implicit object manipulation. The most prominent example
of implicit object manipulation is the model of proclets [54],
where each object type comes with a Petri net specifying its
lifecycle, and joint transitions can be modeled to express multi-
type split and synchronization points. Approaches equipped with
explicit object manipulation typically rely on fragments of Col-
ored Petri nets equipped with the ability of generating new object
identifiers, in the style of v-Petri nets [57]. Such identifiers are
combined into tuples to represent relationships between objects,
tuples that are carried by tokens. Transitions are consequently
equipped with inscriptions to manipulate such tuples and their
components [56,58], while additional data constraints, expressed
in a data model [55] or in a persistent database [53,56], can
be used to identify the intended executions and how data are
manipulated therein. Research on discovering such models from
data is at its infancy, and it is currently targeting either weaker
versions of object-centric models [59], or well-behaved fragments
of them [60].

All these approaches are orthogonal to the framework stud-
ied here, where we currently do not consider the presence of
multiple co-evolving objects, but instead focus on the simulta-
neous progression of single case objects through multiple process
components, which may interact with each other. This is a gener-
alization of so-called hybrid or mixed-paradigm process models,
which are reviewed next.

Hybrid models. Hybrid business process representations (HBPRs)
combine declarative and procedural modeling paradigms into a
unified modeling approach which would allow expressing both
strict and flexible aspects of a single process in the same model.

Originally, the combination of two paradigms was loosely cou-
pled, i.e., distinct parts of the same process would be represented
procedurally or declaratively depending on the nature of those
parts. This is well exemplified in the model of pockets of flex-
ibility, where flexible subprocesses of a procedural specification
are captured declaratively through constraints [61]. This approach
has been extended in [62], where a process is modeled with an
arbitrary nesting of subprocesses, each specified as a Petri net or a
DECLARE specification, whose activities can be in turn recursively
decomposed into a Petri net or DECLARE specification. Discovery
of such layered specification is tackled in [63].

While these approaches provide a weak integration of the two
modeling paradigms through layering, intertwined HBPRs have
been studied more recently, essentially proposing to enrich a
Petri net with DECLARE constraints that may be applied to the
net transitions or to further activities. This leads to a tightly
coupled integration of the two components, leading to a refined
notion of transition enablement for the Petri net, which also
needs to take into account the declarative constraints insisting
on that transition [21,64]. Discovery of (fragments of) such inter-
twined approach is tackled in [34], while conformance checking
is targeted in [21]. The HMPS framework introduced here can be
seen as a generalization of this family of approaches along three
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dimensions. First, we consider multiple procedural components
instead of a single, monolithic one. Second, we infuse procedural
components as well as declarative constraints with global/local
data variables. Third, when considering the intertwined state
space emerging from their integration, we handle, in a fine-
grained way, asynchronous and synchronous execution modes for
activities that are shared among components.

We close by stressing that studying HBPRs is an active area
of research, as witnessed by the recent proposal of a conceptual
framework and a common terminology for these types of mod-
els [65], as well as the identification of a number of open research
challenges in this spectrum [66].

9. Conclusion

The main focus of this paper is to transform the semantics of
hybrid specifications we introduced in [9] (and fully formalized
and tested later in [10]) into a mature instrument for model-
ing, executing and monitoring real-life processes. To do this, we
made significant advancements over the original semantics by
defining a comprehensive framework for modeling, executing and
monitoring data-aware, hybrid multi-process specifications, com-
bining procedural and declarative components operating over
local and global variables, and equipped with local and global
activities. This work was further enhanced by defining the execu-
tion semantics of these specifications, which support enactment
and monitoring (as shown in this paper), but also potentially
other process mining tasks, such as model simulation and con-
formance checking, which we will investigate as future work.
Finally, we have used already existing real-life process models to
demonstrate that the concepts, and by extension the semantics,
introduced in this paper can be applied to real-life settings.

The avenues for future work can be divided into four cate-
gories. First, we want to develop a complete toolchain for mod-
eling, enactment, and monitoring of HMPSs. In doing so, we also
want to study algorithmic techniques to tame the state-explosion
problem still present in our current technical approach. Second,
the approach presented in this paper should be extended to
support recovery strategies and/or runtime modifications of a
given HMPS. These would respectively allow the process analysts
to continue monitoring after a permanent violation (thus en-
abling the detection of multiple violations of a single component),
and handle unforeseen circumstances (e.g., additional illnesses
diagnosed during an ongoing treatment case). The overall effect
would be to deal with violations of individual process compo-
nents in a more fine-grained way, as in the current approach,
once a violation occurs in some process component, that compo-
nent will remain in a permanently violated state. This means, for
example, that less impacting issues like skipping an activity can-
not be distinguished from more severe violations. Third, while we
have employed here a simple language for expressing conditions
and updates over data variables, based on the so-called inter-
val conditions [13,33], more sophisticated conditions based on
(controlled) forms of arithmetics can seamlessly be employed in
our framework, using the data abstraction techniques introduced
in [18,67]. Finally, there are additional socio-technical aspects
that should be explored, e.g., how to integrate the framework into
an organizational context, and what skills would be necessary to
support its different phases.
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Appendix A. Process components

Here we provide complete formal definitions of process com-
ponents discussed in Section 5.

A.1. Events and traces

In this section we fix preliminary notions related to activities,
events and traces.

Definition 6 (Activity). An activity is a tuple (n, g, A), where:

e n is the activity name;

e g € P U {global} is the process reference carrying either a
value from 7P, the set of all (local) process references, or a
special global reference global;

e A={ay,...,a,} is the set of event attribute (names).

We denote by € a finite set of activities and define for it three
additional sets:

e the set N¢ of all activity names from &,
e the set P¢ of all process references from &;
o the set A¢ of all attribute names occurring in &.

The next definition introduces well-formednes needed to reg-
ulate the proper use of activities and references for multiple
process specifications.

Definition 7 (Well-formed Activity Set). A set & of activities is
well-formed if the following two conditions hold:

1. for every pair (n, q,A),(n',q,A) e &, ifn=n"and q = ¢
thenA =A";

2. for every (n,q,A) € &, if q global then there is no
(n',q,A") € £ such that n = n’ and q' # global.

Events and trace are defined as follows.

Definition 8 (Event, trace). An event over activity (n, q,A) € £ is
atriplee =(n,r,v),suchthatn e Ng, g e Pcand v : A R is
a total function assigning to every attribute in A a corresponding
value.8 A trace over £ is a finite sequence o = ey - - - e, of events,
where each e; is an event over some activity in &.

A.2. Interval conditions

In this section we define the language of conditions over event
attributes as well as local/global variables of process specifica-
tions (discussed in detail in the next sections). To this end, we
fix a generic set V9 of data variables.

Definition 9 (Interval Condition). An interval condition ¢ over a
set V9 of data variables is an expression of the form:
pr=a0c| |1 A,

where: (i) x € V9; (i) © € {<, =, >}; (iii) c € R.

8 While here the attributes are of type R, simpler types such as strings with
equality and booleans can be seamlessly encoded.
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We make use of the following standard abbreviations: (i) ¢ vV
2 = =(—p1 A—@2); (i) o1 = @2 = =1V @y, (ili)a < ¢ = —(a >
c); (iv)a > c = —(a < c); and (v) a # ¢ = —(a = c). Interval con-
ditions of the form a © c are called atomic. We denote by L4 the
language of interval conditions over V4. With some abuse of nota-
tion, for a set £ of activities, we use L¢ to indicate the language of
interval conditions over the attributes mentioned in the activities
of &. Finally, given an interval condition ¢ € L4, we denote by
Var(g) C V9 the set of data variables mentioned therein.

We now define when an interval condition is satisfied by an
assignment, formalising the intuitive interpretation of interval
conditions.

Definition 10 (Satisfaction of an Interval Condition). Given a set
V¢ of data variables, an interval condition ¢ € Lya is satisfied
by an assignment v : V¢ — R, written v |= ¢, if the following
conditions hold:

e v = xOc if v(x) is defined and v(x) © c;

e v E—gifv |~ g;

e vE @ Apyiff v E ¢ and v = @,

With some abuse of notation, we say that an event e

(a, n, v) satisfies an interval condition ¢, written e = ¢, if v does
so according to Definition 10.

A.3. Data petri nets

Procedural process specifications are represented using DPNs
[13,14] (also referred to as data Petri nets with interval conditions).

Definition 11 (Petri Net with Data and Interval Conditions). A
Petri net with data and interval conditions (DPN) over the set &
of activities is a tuple D = (q, P, T,F, 1, V,r, w), where:

e q € Pg is the name of the DPN;

e P and T are two finite disjoint sets of places and transitions,
respectively;

o F: (P xT)U(T x P) — N is the flow relation;

o | : T — N¢gU{r} is a total labeling function, with t denoting
a silent transition that does not correspond to a (visibile)
activity from &.

e V is a set of net data variables;

er:T — Lyand w : T — Ly are two total read and write
guard-assignment functions, mapping every transition t € T
respectively into a read and write guard from £y.

The preset and postset of an element x € P U T of D are,
respectively, the sets °x {y | F(y,x) > 0} and x* {y |
F(x,y) > 0}

To simplify the notation, for a transition t € T we denote
the variables read and written by t respectively by Var.(t) and
Var,(t), as a shortcut for Var(r(t)) and Var(w(t)).

The execution semantics of DPNs extends the traditional one
of place-transition nets by taking the case variables and transition
guards into consideration. The state of a DPN combines two
components:

e the classical notion of state of place-transition nets, that is, a
marking that assigns tokens to the net places, implicitly in-
dicating which transitions are enabled from the control-flow
perspective;

e the state of the data component of the DPN, which as-
signs case variables to corresponding values, and implic-
itly indicates which transitions are enabled from the data
perspective.
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Definition 12 (DPN State). AstateofaDPND = (q,P,T,F,,V,r, w)

is a pair (M, «), where:

e M : P — N is a total function, called marking, that assigns a
number of tokens to every place p € P;

e o : V — R is a total variable valuation function that assigns
a real value to every variable in V.

Consider a DPN D = (q,P,T,F,1,V,r, w). Conceptually, a
transition t € T is enabled in a given DPN state (M, «) if it is
enabled from the control-flow point of view, namely M assigns at
least one token to every input place of t, and it is enabled from the
data perspective, namely its read guard is satisfied by the variable
valuation «. When an enabled transition fires, it updates o by
assigning to those variables mentioned in the write guard of t cor-
responding values that collectively satisfy the write guard. In gen-
eral, many different combinations of values can be chosen, as long
as they satisfy the write guard. In this respect, the write guard
can be seen as a form of constrained user input associated with
the transition. Upon firing the transition, it is in turn necessary to
indicate which specific combination of values is chosen.

This calls for ensuring that transitions, labels, and guards are
used consistently with the activities in £. In particular, we aim
at a correspondence between a sequence of transitions in a DPN
and a corresponding trace over &, in such a way that the trace
provides all the necessary information to reconstruct which activ-
ities have been executed, and with which assigned values for the
constrained user inputs. Towards this goal, we need to assume
that every visible transition t of D corresponds to some activity
(n, q,A) € &, in the following precise sense:

e the process reference g must either correspond to the name
of D (hence configuring (n, q, A) as a local activity for D), or
to global (hence indicating that (n, g, A) is a global activity);

e the activity name n matches the label I(t) of the transition;

e the variables Var(w(t)) written by the transition exactly
correspond to the attributes A.

The net progression is defined in terms of transition firing,
which, in turn, can only happen if a selected transition is enabled.
As opposed to classical Petri nets [22], a transition is enabled
in our setting only if its read and write guards are satisfied
under a given “firing mode” - a partial variable valuation function
that assigns values only to variables of the guards - and all the
input places of the transition contain sufficiently many tokens to
consume. Given a DPN D = (q,P,T,F,LV,r,w)and t € T, we
call 8 : V —» R a partial valuation function of t if 8 is defined on
all variables v € Var,(t)UVar,(t). This is used to define the firing
semantics of DPNs as follows.

Definition 13 (Firing Rule). ConsideraDPND = (q,P,T,F,L,V,r, w)

and a transition t € T. We say that t is enabled in state (M, «)
under partial valuation 8 : V -« R, denoted (M, «)[t, B), if:

e for every v € Var,(t), we have that B(v) = «a(v), ie., B
matches « on t’s read variables and;

e B Er(t)and B = w(t), i.e.,, B satisfies the read and write
guards of t; and

e for every p € °t, it is the case that M(p) > F(p, t).

If t is enabled in state (M, «) under g, it may fire, producing a
new state (M’, «’), written (M, «)[t, B)(M', ), with:

e M'(p) = M(p) — F(p, t) + F(t, p), for every p € P;
e o'(v) = B(v), for every v € Var,(t);
e o'(v) = a(v), for every v € V \ Var,(t).

Notice that the last condition in the firing semantics captures
inertia, that is, that variables not affected by the firing simply
keep their current value.
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We refer to the expression (M, «)[t, B)(M’', ) as transition
firing. We say that state (M’, «’) is reachable from (M, @), if
there exists a sequence of transition firings from (M, «) to
(M’, o). Importantly, for a well-formed DPN, a transition firing
(M, a)[t, B)(M', a’) corresponds to an event (n, g, v), where:

e n=I[t);
e ¢ is the name of the DPN or global (depending on how n is
unambiguously defined in &);

® v = Blvar,(t)-

By the same line of reasoning, a sequence of transition firings can
be seen as a trace (as per Definition 8).

Since the monitoring task requires that we match events
against transition firings of related DPNs, we introduce the notion
of well-formedness. In the nutshell, it ensures that transitions,
labels and guards are used consistently with the activities in &,
and thus allows to put in correspondence a sequence of transition
firings and a trace over £ in such a way that the trace provide
all the necessary information to reconstruct which activities have
been executed and which values were used for constrained user
inputs (that is, assignments to variables in write guards).

Definition 14 (Well-formed DPN). A DPN D
(q,P,T,F,I,V,r, w) over & is well-formed if, for every t €
the following conditions are satisfied:

1. if |

~

t) # t, there exists (n, q', A) € £ such that

/

q = q or q = global;
n=I(t);
Var,(t) = A.

=r1,then w(t)=T.

—_

a
b
C

ﬁ,_\
—_ e D —

2. if (¢t

The last condition, which applies to silent transitions, ensures
that they do not modify the current variable valuation, and hence
they do not actually call for the existence of a corresponding
event signature. This is important as silent transitions are not
explicitly indicate in a trace of events, and consequently should
not implicitly assign non-recorded values to the case variables of
the DPN.

A.4. DECLARE with local filters

To capture declarative constraints over the different DPNs and
the global activities, we adopt a data-aware variant of the the
well-known DECLARE language [23] called LF-DECLARE (DECLARE
with “local filters”). In particular, the data-aware extension we
consider is in line with the notion of activity introduced before
(this including a process reference and a set of attributes, beside
the activity name), and with interval conditions specified over
attributes. Process references are used in this context to capture:

e multi-process constraints that relate activities of different
components;

e constraints involving global activities, thus regulating
when and under which conditions they are expected to
(not) occur.

Whereas the semantics of DECLARE is usually formalised using
Linear Temporal Logic over finite traces (LTLs) [8,24], to capture
the semantics of LF-DECLARE we propose an extension of LTL;
with interval conditions as atomic formulas called LTL}C (LTL over
finite traces with interval conditions). Notice that models of LTL}C
specifications are traces of the form given in Definition 8.

We now provide syntax and semantics of LTL}C. To this end,
given an activity set &, a process reference q € Pg, and an activity
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name n € Ng, we employ a dot notation g.n to indicate the
activity with reference q and name n defined in £. Recall that,
due to well-formedness, this activity is unique, and hence its
attributes (which we refer as A¢(q.n)) are univocally identified.

Definition 15. An LTL{ formula over activity set & and data
variables V¢ is defined according to the following syntax:

=T |qn|lqnAag|X® | dUD, | =D | &y A Dy

where q € P¢ is a process reference, n € Ng is an activity name,
and ¢ is an interval condition over Ag(q.n).

Intuitively:

e g.n A ¢ is an activity with local filter, matching events that
refer to gq.n and carry a payload that satisfies ¢;

e as in LTL;, X denotes the strong next operator, where X@
postulates the existence of a successor state in the trace,
requiring that @ holds there;

e as in LTL;, U denotes the (strong) until operator, where
@,Ud, postulates that there exists a future state in the
trace where @, holds, and requires that @; holds in every
intermediate state from the current state to that state.

We define, as customary in LTL;, the usual abbreviations:

e booleans - & v &,
—PqV Dy;

e operator eventually - F® = trueU @, postulating that there
must exist a future state in the trace where @ holds;

e operator globally - G® = —F —~®, postulating that @ holds
in every state from the current one to the last one marking
the end of the trace;

e operator weak next - X = —X—@, postulating that if there
exists a successor state in the trace (i.e., the current state is
not the last one), then @ must hold there;

e operator weak until - ®;W®, = (®,UP,)V GP4, postulating
that @; holds until &, holds, or forever in case &, never
holds in the future.

_'(_'q)] VAN _‘@2), and D1 > Dy =

As already anticipate, the semantics of LTL}C is given over finite
traces of the form given in Definition 8.

Definition 16. We inductively define when an LTLS formula &
is satisfied by a trace o at position 1 <i < |o|, written o, i &= @,
as follows:

eo,iE=T,;

e 0,i = q.nif o(i) (extracting the event of o in position i)
returns an event (¢, n’, v) with ¢ = qand n’ = n;

eo,i=qnAgifo,ilE= qnand, given o(i) = (n, g, v), we

have that v = ¢ (as per Definition 10);

U,ilijl/\qu lfo,l':(pl anda,i|:<1§2;

o,iE—®iffo,iE &q;

o,i=X¢iffi<|olando,i+ 1= @;

o,i=Xoiffi+1=|o|oro,i+ 1k &;

o,i E ©,Ud, iff there exists j with 1 < j < |o], such

that o,j = @, and o,k = @, forevery 1 <k < j.

Starting from LTL}C and the standard templates of (proposi-
tional) DECLARE, we show in Table A.2 the full set of LF-DECLARE
template patterns, each of which comes with its name, graphical
representation, and formalisation in LTL{. Notice that template
parameters now refer to activities with process references and
local filters.
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Table A.2
LF-DECLARE constraint patterns.
1.%| @
existence(q.a A ¢) q.a F(g.a A @)
an event matching g.a A ¢ must occur at least once
0lg
absence(q.a A ¢) q.a —F(q.a A )

no event matching g.a A ¢ can occur at all

0.1] @

absence2(q.a A ¢)

at most one event matching

q.a

q.a A\ ¢ can occur

—F((g.a A @) AXF(g.a A @)

?1 ¢2

g.a s.b

+

choice(q.a A ¢1,5.b A ¢3)

F((g.a A @1) V(g.b A ¢2))

at least one event matching

q.aA@q or s.h A

@ must occur

?1 ¢2

g.a

!

ex-choice(q.a A ¢1,5.b A @) s.b

F((g.a A 1) vV (s.b A @2))A
—(F(g.a A @1) ANF(q.b A ¢2))

at least one event matching

either g.a A ¢; or s.b A

@, must occur

¢2

resp-existence (q.a A ¢1,5.b A ¢;) q.a s.b

;

F(g.a n 1) — F(s.b A ¢3)

if an event matching q.a A ¢, occurs, then an event

matching s.b A ¢, must also occur (either before or later)

@2

coexistence(q.a A ¢1,5.b A @;) q.a s.b

;

(F(g.a A 1) = F(s.b A @2))A
(F(s.b A 2) — F(g.a A ¢1))

either events matching q.a A ¢; and s.b A ¢, occur, or none of them occurs

2
15

If
N
N

response(q.a A ¢1,5.b A ¢3) s.b

G(g.a A 91 — XF(s.b A ¢3))

whenever an event matching g.a A ¢; occurs, then an event matching s.b A ¢, must occur later

g.a

2
o

precedence(q.a A ¢1,5.b A ¢;)

£
N
[N

=(s.b A 92 )W(g.a A ¢1)

an event matching s.b A ¢, can only occur if an event matching g.a A ¢; has already occurred

¥2

S

alt-response(q.a A ¢1,5.b A ¢2) g.a s.b

G((g.aner) >
X(—(g.a A @1)U(s.b A 92)))

every event matching g.a A ¢, must be followed by
events matching q.a A ¢; in between

an event matching s.b A ¢,, without any occurrence of other

q.a

0
o

alt-precedence(q.a A ¢1,5.b A ¢3)

I
N
N

(=(s.b A 2))W(g.a A @1)A
Gg(s.b A @) —>

every event matching s.b A ¢, must be preceded by
events matching s.b A ¢, in between

X((—(s-b A 2))W(g.a A ¢1)))
an event matching g.a A ¢;, without any other occurrence of

2
1)

f
IS
N

chain-response(q.a A ¢1,5.b A ¢3) s.b

G((g.a A 1) = X(s.b A ¢2))

every event matching g.a A

¢1 must be immediately followed by an event matching s.b A ¢,

2
[

f
N
N

=
o

chain-precedence(q.a A ¢1,5.b A ¢2)

G(X(s.-b A @2) > q.a A ¢r1)

events matching s.b A ¢, can only occur immediately after events matching g.a A ¢ occur

2

not-coexistence(q.a A ¢1,5.b A ¢;) q.a s.b

:

—(F(g.a A 1) AF(s.b A 92))

two events respectively matching q.a A ¢; and s.b A

¢, cannot both occur

@1 2

neg-succession(q.a A ¢1,5.b A ¢3) g.a s.b

two events respectively matching q.a A ¢; and s.b A

G((g.a A ¢1) = —KF(s.b A @)

¢, cannot occur one after the other

@1 2

neg-chain-succ.(q.a A ¢1,5.b A ¢3) q.a s.b

two events respectively matching q.a A ¢; and s.b A

G((q-ang1) > X=(s.b A 92))

¢, cannot occur next to each other

23
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