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Abstract. So far, business process monitoring approaches have mainly
focused on monitoring executions with respect to 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, this
strategy cannot be applied to domains where multiple interacting (pro-
cedural) sub-processes work under additional (declarative) constraints.
For example, in healthcare, co-morbid patients may be subject to mul-
tiple clinical pathways at once, in the presence of additional, general
constraints capturing basic medical knowledge. To support monitoring
of thus emerging hybrid specifications, we propose a Multi-Model Mon-
itoring Framework. On the one hand, the framework allows for a hybrid
representation of a process, using both procedural and declarative mod-
els. This admits more flexible process model design as domain experts
can focus on specific procedures and domain constraints without need-
ing to merge them into one single specification. On the other hand, the
framework includes an automata-based monitoring technique to simulta-
neously account for multiple models within one execution while resolving
conflicts caused by the interplay of such models. We describe the overall
framework, report on a prototypical implementation of the monitoring
technique, and demonstrate its feasibility with a healthcare scenario.

Keywords: Business process monitoring · Data Petri net · Declare ·
Automaton · Hybrid process

1 Introduction

A key functionality of any process-aware information system is monitoring [12].
Monitoring concerns the ability to detect, and therefore handle, deviations
appearing in ongoing process instances and, in most cases, requires the expected
behavior of the process to be specified in advance. Such specifications are com-
monly created in the form of procedural or declarative process models, depend-
ing on the scenario at hand. In general, procedural models are more suitable for
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relatively structured processes (e.g., an automated manufacturing line), while
declarative models are more suitable for flexible and knowledge-intensive pro-
cesses (e.g., the management of a natural disaster).

The majority of existing monitoring approaches rely on the assumption that
the full knowledge-base (control-flow, decision rules, temporal aspects, etc.)
required for monitoring each possible process instance can be embedded into a
single process specification. While this is a reasonable assumption for processes
with homogeneous behavior (i.e., either structured or knowledge-intensive), there
are domains in which processes are characterized by a combination of sev-
eral (independently defined) procedural sub-processes working under additional
(declarative) domain constraints. A prime example of this can be found in the
medical domain, where patients with co-morbidities may be subject to multi-
ple clinical pathways at once (consisting of various medical actions) that can be
enriched with additional, context-dependent constraints. Monitoring such multi-
model scenarios becomes a challenging task as it requires not only to account
for checking a process instance against multiple heterogeneous models, but also
to provide mechanisms for handling the interplay of those models. For exam-
ple, prescribing a certain treatment without taking into consideration patient’s
preexisting conditions 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 undesired
treatment outcomes.

To address these problems, we present a Multi-Model Monitoring Framework
for hybrid process specifications (M3 Framework). In this work, our focus lies
on the lifecycle and conceptual features of the framework, while all related for-
mal and algorithmic details are delegated to a technical report [1]. The frame-
work consists of multiple phases, starting from knowledge elicitation prior to
process execution, and ending with the successful completion of a scenario spe-
cific monitoring task. We outline the main steps of these phases and present a
prototypical implementation of the corresponding multi-model monitoring app-
roach. This approach can seamlessly handle the interplay of process specifica-
tions, detect inevitable violations in advance, and provide recommendations on
the next course of action based on a violation cost model (either avoiding viola-
tions or, if that is not possible, minimizing the total cost of violations). The key
benefits of the M3 Framework are (1) support for monitoring process executions
with respect to multiple process specifications simultaneously, thus circumvent-
ing the need to embed the full knowledge-base required for the execution of every
possible process instance into a single process specification, and (2) support for
both procedural and declarative process specifications, thus circumventing the
need to force declarative knowledge into procedural specifications and vice versa.

The rest of this paper is structured as follows. Section 2 provides an example
scenario for the M3 Framework. Section 3 describes the process components used
in this paper. Section 4 and Sect. 5 outline the main phases of the M3 Frame-
work and the proposed monitoring approach respectively. Section 6 reports on
initial monitoring experiments. Section 7 provides an overview of related work
and Sect. 8 concludes the paper by outlining directions for future research.
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2 Example Scenario

To motivate the need for our Multi-Model Monitoring Framework for hybrid
process specifications, we use the healthcare scenario from [22] that shows inter-
actions between seemingly disjoint clinical guidelines (CGs) and basic medical
knowledge (BMK). In what follows, we provide a description of the scenario and
abbreviations of activities used in the next sections.

The first CG that we consider defines a “default” process for patients with
hip fractures. It begins with an initial assessment (AP) of the patient’s condition,
which is then followed by a decision on performing a surgery (SD). If the patient
has a high fever, cough, or there are reasons to reconsider any immediate surgical
intervention, then it may be decided to postpone the surgery (PS) and repeat the
assessment after the blocking issues have been resolved. Otherwise, the patient
is taken into a room where pre-surgery anesthesia (preSA) is delivered, and then
into an operating room where the surgery is performed (S). After the surgery,
the patient is prescribed with post-surgery analgesia (postSA) for pain relief as
well as physiotherapy for mobilizing the hip (M). Both activities can be repeated
until the patient feels better and can end the treatment (HFend).

The second CG provides a process for diagnosing and treating a potential
chest infection. First, a patient with a suspected chest infection is prescribed a
chest X-ray (CXray). By analyzing the X-ray images, the health provider decides
whether there are serious signs of a chest infection that have to be urgently
treated (TCI) or the suspicions were not corroborated (noCI). In the former
case, the patient is immediately prescribed with an amoxicillin therapy (AT).

Usually, in medical practice, surgical interventions are avoided or postponed
whenever the patient suffers from other conditions that can cause additional
complications. For example, the general anesthesia required for performing a
surgery cannot be performed together with an amoxicillin therapy. This is a
common BMK rule that should be considered with any combination of CGs
and the best way of doing so is to represent it as a global, declarative constraint,
requiring that a decision to perform a surgery cannot coexist with an amoxicillin
therapy, thus connecting two seemingly disconnected CGs. Similarly, a constraint
can be used to specify that, if a patient has high body temperature or cough,
then an X-ray check must be performed. Constraints can also be used to further
specify the behavior of already existing CGs. For example, to prescribe that
mobilization therapy should be delayed in case of leg pain after the hip surgery
reported during a regular post-operational assessment (postOA).

Based on the first constraint, if the patient is diagnosed with a chest infec-
tion, but it is also decided to perform a hip surgery, then there is a conflict
between that constraint and the two CGs. In this outlier, but possible situation
there would be three alternatives: violate the first CG (by skipping the surgery
and further treatment), violate the second CG (by not prescribing amoxicillin
therapy), or violate the constraint (and prioritize the CGs).

Informing medical experts about the presence of a conflict is crucial to help
them in assessing the current situation, weigh the implications of one choice over
the others, and finally make an informed decision. These decisions can be further
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supported by assigning a violation cost to each CG and BMK specification. In
this case, we can assume that highest violation costs should be given to the
constraint, as any surgical complications should be avoided, and to the second
CG specification, since there are no alternatives to the antibiotic therapy.

The formal models used for representing CGs and BMK specifications and
how to address the above conflicts are discussed in the following sections.

3 Process Components

In this section, we define representations of declarative and procedural data-
aware process specifications by relying on data Petri nets (DPNs) [11,16] and
a variant of multi-perspective Declare (MP-Declare) [5] respectively. Note
that DPNs and MP-Declare can be both translated into an equivalent finite-
state automaton by using data abstraction and automata construction tech-
niques [9]. This will be leveraged in Sect. 5 to monitor hybrid specifications.
Events and Traces. An event signature is a tuple 〈n,A〉, where: n is the activity
name and A = {a1, . . . , a�} is the set of event attribute (names). We assume a
finite set E of event signatures, each having a distinct name. By NE , we denote
the set of all event names from E and by AE the set of all attribute names
occurring in E .

An event of event signature 〈n,A〉 is a pair e = 〈n, ν〉, s.t. n ∈ NE , and
ν : A �→ R is a total function assigning actual values for the attributes of the
corresponding signature. For simplicity, we assume attributes ranging over reals
equipped with comparison predicates (simpler types such as strings with equality
and booleans can be seamlessly encoded). As usual, we call a finite sequence
σ = e1 · · · e� of events a trace, where each ei is an event of some signature in E .
Data Petri Nets. As a language for procedural specifications, we opt for data
Petri nets (DPNs) [11,16]. DPNs extend traditional place-transition nets with
the possibility to manipulate scalar case variables, which are used as basic build-
ing blocks to constrain the evolution of the process through data-aware read-
write constraints (called guards) assigned to transitions.

A data Petri net D over a set E of event signatures is a tuple
〈P, T, F, l, V, r, w〉, where: (i) (P, T, F ) is the Petri net graph; (ii) l : T → NE∪{τ}
is a labeling function (here τ denotes a silent transition); (iii) V ⊆ AE is the set
of net’s variables; (iv) r : T → GE (resp., w : T → GE) is a read (resp., write)
guard-assignment function, mapping every transition t ∈ T into a read (resp.,
write) guard – a boolean formula whose components are atomic expressions of
the form a 	 c, where 	 is a type-specific comparison predicate.

Example 1. Figure 1 shows two DPNs encoding the two CG fragments discussed
in Sect. 2. Notice that the net in Fig. 1(a) models also a case in which the patient
has a high fever and cough, but one of the doctors still recommends to risk
performing the surgery (e.g., due to severe blood loss caused by the trauma).
In this case, the model offers a choice: proceed with the surgery or postpone it
(and possibly treat the blood loss together with fever and cough).
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HF AP

[[w : c = {�,⊥} ∧
35.5 ≤ f ≤ 41]]

SD

[[w : s = {�,⊥}]]

PS

[[r : s = ⊥ ∨ (f > 37.5 ∧ c = �)]]

preSA

[[r : s = �]]

S

postSA

r postSA

M

r M

HFend

(a) DPN for hip fracture treatment

CI CXray

[[w : i = {�,⊥}]]
TCI

[[r : i = �]]

AT

noCI

[[r : i = ⊥]]

CIend

(b) DPN for chest infection treatment

Fig. 1. DPN representations for two clinical guideline fragments. We use prefixes r:
and w: to distinguish read and write guards respectively. Models use the following CG
parameters: coughs (c ), fever (f), surgery decision (s), infection (i). Trivial, true-valued
guards are omitted for brevity.

The execution semantics of DPNs extends that of place-transition nets with
the ability to check and manipulate the net’s variables via transition guards. In
particular, a transition is enabled 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 necessary 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 signatures. The well-formedness means that a
silent transition cannot update net variables and the write guard of each t ∈ T
uses variables matching attributes of event signature 〈n,A〉, for which �(t) = n.
Such requirements appear naturally in the context of monitoring: we can always
assume that variables are only manipulated by a fired visible transition, triggered
by the corresponding event. At the same time, 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).
Multi-perspective Declare with Local Conditions. To represent declara-
tive process components, we opt for a multi-perspective extension of the well-
known Declare language [5]. A Declare model describes constraints that
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must be satisfied throughout the system (or process) execution. Constraints,
in turn, are based on templates. Templates are patterns that define parameter-
ized classes of properties, and constraints are their concrete instantiations. The
syntax of such constraints is defined using the following grammar:

Φ := 
 | ϕ | XΦ | FΦ | GΦ | Φ1UΦ2 | ¬Φ | Φ1 ∧ Φ2

Here, ϕ is a boolean combination of attribute-to-constant comparisons and event
variables ranging over NE . Notice that the language of such boolean combina-
tions without event variables closely resemble the guard language of DPNs, thus
providing a good basis for combining declarative constraints with procedural
models expressed with DPNs. As in standard LTLf , X denotes the strong next
operator (which requires the existence of a next state where the inner formula
holds), while U stands for strong until (which requires the right-hand formula to
eventually hold, forcing the left-hand formula to hold in all intermediate states).

We refer to the above constraints as LMP-Declare, i.e., MP-Declare
constraints with local conditions. Their syntactic and semantic definition corre-
sponds to LTLf formulae [17] with attribute-to-constant comparisons and event
variables as atomic formulae, interpreted over traces of the form given above.

Example 2. Here, we show how BMK constraints discussed in Sect. 2 can be for-
malized in LMP-Declare. The first constraint prohibits a positive surgery
decision when the patient is undergoing amoxicillin therapy (Not Coexis-
tence(AT, SD{s = 
})):

(
F(AT) → ¬F(SD ∧ s = 
)

) ∧ (
F(SD ∧ s = 
) → ¬F(AT)

)

The second constraint stipulates that if a patient has high body temperature
(i.e., greater than 37.5◦) or cough, then an x-ray check for detecting a chest
infection has to be performed (Response(AP{f > 37.5 ∨ c = 
}, CXray)):

G
(
AP ∧ (f > 37.5 ∨ c = 
) → F(CXray)

)

The third constraint prescribes that, whenever a patient suffers from pain
in lower limbs (here modeled with variable llp) that is reported during a post-
operational assessment, any mobilization therapy has to be delayed (Not Suc-
cession(postOA{llp = 
}, M)):

G
(
(postOA ∧ llp = 
) → ¬F(M)

)

4 Multi-model Monitoring Framework for Hybrid
Process Specifications

To address scenarios like the one described in Sect. 2, we introduce the Multi-
Model Monitoring Framework (M3 Framework) for eliciting, managing, and
monitoring hybrid process specifications. More specifically, the framework can be
used in scenarios with multiple procedural and declarative specifications, where
the former can be executed concurrently and the latter work as global constraints
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Fig. 2. Conceptual overview of the M3 Framework.

that implicitly induce additional dependencies between procedural specifications.
In the following, we describe in more detail the three phases interconnected by
a specification repository (Fig. 2), which is constantly updated during the model
elicitation phase, and then used for monitoring individual cases in the case-
specific preparation and monitoring phases.

4.1 Elicitation Phase

The elicitation phase of the M3 Framework is envisioned as a continuous case-
agnostic phase, during which domain knowledge (standard procedures, classi-
fiers, etc.) and organizational context (business priorities, available resources,
etc.) are transformed into concrete process specifications, which are then stored
in a dedicated specification repository. Both declarative and procedural speci-
fications are supported, and multiple specifications of either paradigm can be
used to represent a single global process, thus supporting not only hybrid pro-
cess specifications, but also, for example, component-based and aspect-oriented
modeling approaches [10]. Full agreement between the individual process speci-
fications is not assumed, instead each specification is associated with a priority
value that is used during monitoring to provide guidance to the user in resolving
any potential conflicts. The elicitation phase consists of four main steps:

Extraction — Analysis of changes in the domain knowledge and organizational
contexts to determine if new process specifications need to be created or
existing ones need to be updated or removed. Relevant knowledge is extracted
from standard procedures, regulations, etc., and the corresponding process
specifications are identified.

Harmonization — Comparison of the extracted knowledge to common clas-
sifiers, ontologies, etc., to ensure that the same vocabulary is used across
all process specifications. For example, specifications in the medical domain
should adhere to the classifiers published by the World Health Organization.1

1 Classifiers available at: https://www.who.int/standards/classifications.

https://www.who.int/standards/classifications
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Modeling — Transformation of the extracted knowledge into concrete process
specifications via process modeling. Any modeling language (declarative or
procedural) can be used, assuming that a translation into an equivalent finite-
state automaton is possible (see Sect. 5.2 for more details).

Prioritization — Assignment of a priority value to each process specification.
The priority value corresponds to the cost of violating the corresponding
specification, and it is used during the monitoring phase (Sect. 4.3) to provide
activity recommendations in case of conflicting specifications.

4.2 Preparation Phase

The preparation phase of the M3 Framework is envisioned as a case-specific non-
recurrent phase in which an incoming case is assessed, relevant process specifi-
cations are selected, and a corresponding hybrid specification is automatically
created as an input for the following monitoring phase. This hybrid specification
will encompass the combined behavior of all selected specifications, the corre-
sponding specification priorities (Sect. 4.1, Prioritization step), and, if required,
also additional case-specific modifications. The selected process specifications
can be smaller fragments of a single business process, but also fragments or full
specifications of multiple, separately defined (but concurrently executed) busi-
ness processes. The preparation phase consists of three main steps:

Case Assessment — Selection of relevant process specifications from the spec-
ification repository based on the features of the incoming case. In some
domains, this step can be partially automatized. For example, in healthcare,
potential conflicts between drugs used in different process specifications could
be detected automatically using already existing knowledge bases.2

Fine-tuning — Optional modification of the selected specifications, including
the specification priorities, and addition of custom specifications in order to
tailor the monitor behavior to the specific needs of the incoming case. In
healthcare, for example, this would include constraining the use of specific
drugs or procedures because of some underlying conditions, co-morbidities,
or preferences of the patient.

Automated Assimilation — Automated creation of a hybrid specification,
which combines the outcome of case assessment and fine-tuning steps into a
single case-specific hybrid specification, which also serves as the monitoring
automaton. This step is further discussed in Sect. 5.2.

4.3 Monitoring Phase

The monitoring phase of the M3 Framework is envisioned as an ongoing case-
specific phase, covering the entire duration of the case being monitored. During
this phase, the state of the monitor and the set of next recommended actions

2 For example: https://reference.medscape.com/drug-interactionchecker.

https://reference.medscape.com/drug-interactionchecker
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(with payloads) are updated after the occurrence of each event, therefore pro-
viding guidance towards the successful completion of the case. The monitoring
phase consists of three main steps:

Automated Event Processing — Update of the monitor state, including both
the global state and the states of individual process specifications, and update
of the set of next recommended activities, including the corresponding data
payloads. This step is further discussed in Sect. 5.3.

Case Reassessment — Optional modification of the current hybrid process
specification to handle emerging case characteristics that were unforeseen
during the preparation phase. For example, case reassessment would be nec-
essary in the medical domain if a previously unknown underlying condition
is discovered during the ongoing treatment case. Additionally, this step is
useful for handling any imperfections that may be detected in the original
process specifications during the ongoing monitoring case. Case reassessment
is currently unsupported in the preliminary implementation of the monitor.

Next Event Execution — Execution of the next event based on the current
monitoring state and activity recommendations. While we see recommenda-
tions as an important input for guiding the process execution to a successful
completion, the execution of other (not recommended) events is also possible.

5 Automata-Based Monitoring

There are two central challenges in the proposed M3 Framework. First, the assim-
ilation of input process specifications into a single hybrid specification (required
for Sect. 4.2). Second, the interpretation of incoming events against this hybrid
specification (required for Sect. 4.3). From an algorithmic perspective, these chal-
lenges can be addressed by encoding each DPN and LMP-Declare specification
into a corresponding guarded finite-state automaton (GFA) that fully captures
the execution semantics of the specification. This is possible, even in the pres-
ence of data, thanks to the specific shape of data guards (Sect. 3), which allows
the usual automata constructions to be augmented with data abstraction and
consequent propositionalization techniques [3]. In the following, we give a con-
ceptual overview of the necessary steps, while formal and algorithmic details are
delegated to the technical report [1].

5.1 Monitoring Semantics

A prerequisite of any monitoring approach, especially in a novel hybrid setting
such as the one induced by the M3 Framework, is to set the corresponding mon-
itoring semantics. At the level of individual process specifications, the standard
execution semantics of data Petri nets or LMP-Declare constraints are fol-
lowed. However, the execution semantics of a hybrid specification, produced in
the Preparation phase (Sect. 4.2), is specific to the M3 Framework and therefore
warrants further discussion. The following rules apply:
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Fig. 3. Main steps and intermediate artefacts for creating the monitoring automaton.

• Each DPN ignores events that are not included in that DPN. This is a natural
consequence of modularity which requires not to assume that a single DPN
explicitly describes the full control flow (and therefore all potential activities)
of the global process. Note that this rule does not apply to LMP-Declare,
since declarative constraints are interpreted globally. In particular, that would
break the execution semantics of templates imposing a directly-follows rela-
tion between activities (e.g., Chain Response(x,y)).

• A DPN is considered to be permanently violated if an event included in that
DPN occurs while no corresponding transition can be successfully fired in its
current state.

• A DPN is considered to be temporarily violated until the final marking of
that DPN is reached or a permanent violation occurs. Furthermore, a DPN is
considered permanently satisfied if its final marking is reached. This captures
the intuition that a DPN specifies some procedural sequence of events to be
carried out once during the full process control flow.

• The occurrence of each event is processed against all process specifications
simultaneously (except the specifications ignoring that event). This captures
the intuition of concurrent execution: if multiple specifications require the
same event to occur, then its single occurrence should satisfy all of them.

• The variables of each DPN are local to that DPN. This keeps the semantic
meaning of each DPN intact in the assimilated hybrid process specification.

• An LMP-Declare specification is considered permanently satisfied iff all
individual constraints within that specification are permanently satisfied.
This captures the intuition that an LMP-Declare specification represents
declarative knowledge applicable throughout the full process control flow.

• An LMP-Declare specification is considered permanently violated iff at
least one individual constraint within that specification is permanently
violated. This captures the intuition that the constraints in a single
LMP-Declare specification form a single logical entirety.

5.2 Monitoring Automaton

The proposed monitoring approach relies on a GFA, which is further annotated
with violation and cost models, thus forming the hybrid process specification of
the M3 Framework (Fig. 3). A GFA is a standard finite-state automaton, with
the only difference that the transitions of the automaton are decorated with
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data conditions, imposing additional restraints on when a specific transition
is allowed. This 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 Sect. 5.1. Additionally,
the annotated monitoring automaton enables early conflict detection and next
activity recommendations as outlined in Sect. 5.3.

The creation of the monitor automaton occurs at the end of the preparation
phase of the M3 Framework (Sect. 4.2, Automated Assimilation) and consists of
the following main steps:

Propositionalization — Translation of the original process specifications into
propositionalized specifications based on interval abstraction. Activities and
attribute-constant combinations (including intervals between the constants)
used in the process specifications are extracted and enumerated to form
propositions. 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 [3].

Individual GFA Construction — Creation of an equivalent GFA for each
propositionalized process specification. LTLf -based automata construction
techniques are used for LMP-Declare and a reachability-based algorithm
is used for DPNs. In case of DPNs, additional self loops are added to all
states of the GFA for handling events that the DPN should ignore, and an
additional trap state is added for handling permanent violations.

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 proposi-
tional strings.

Violation Model Integration — Annotation of the cross-product GFA states
with a corresponding global monitoring status and a corresponding monitor-
ing status of each individual process specification. In the current implemen-
tation, this is performed by concurrent traversal of the cross-product GFA
and individual GFAs, however this can be further improved in the future.

Cost Model Integration — Fixpoint computation procedure based on the
priorities of the input process specifications and the violation model from
the previous step. 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 of the specification, 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 used 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 the given state.

5.3 Event Processing

Event processing in the proposed monitoring approach is somewhat analogous
to other existing automata based monitoring approaches [14]. The main differ-
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Fig. 4. Main steps and intermediate artifacts for processing a single event.

ences are that each incoming event must be translated into a propositionalized
form accepted by the monitoring automaton, and two additional post-processing
steps are performed after updating the state of the monitoring automaton, one
for determining the monitor state, and one for determining the next activity rec-
ommendations. An overview of the event processing steps is provided on Fig. 4.

Processing of each observed event occurs at the beginning of the monitor-
ing phase of the M3 Framework (Sect. 4.3, Automated Event Processing) and
consists of the following main steps:

Event Propositionalization — Translation of the observed event into the
equivalent propositionalized event. The propositionalized event is required
to correspond to one of the propositions used in the monitoring automaton
(Sect. 5.2, Propositionalization step) and can therefore be used directly to
transition the monitor automaton into its corresponding next state.

Monitor State Determination — Determination of the monitor 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 moni-
toring state and the monitoring state of each individual process specification
(Sect. 5.2, Violation Model Integration).

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

6 Preliminary Experiments

A prototypical implementation of the monitoring approach presented in Sect. 5
was developed to perform preliminary experiments. In this section, we give an
overview of these experiments by providing an example of the monitoring results
and discussing scalability with respect to the number of input process specifi-
cations. For reproducibility purposes, the implemented tool, all models, and all
event logs used in the experiments are available at https://git.io/JM0iA.
Monitoring Results. To demonstrate the monitoring results, we rely on the
example scenario introduced in Sect. 2. We have modeled both the hip fracture

https://git.io/JM0iA
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Fig. 5. Example of monitoring results (excluding activity recommendations) for a case
where the patient is required to do a surgery and, at the same time, has a chest
infection.

and the chest infection DPNs, as well as the constraint requiring an X-ray check
if a patient has high body temperature or cough. The DPNs are assigned a
violation cost of 5, while the constraint is assigned a violation cost of 9. This
gives us a total of three process specifications, which, along with their violation
costs, are automatically combined into a single hybrid process specification for
monitoring.

A screenshot of the monitoring results, for a case where suspicion of a chest
infection causes the surgery to be postponed, is provided in Fig. 5. There are
a few key observations that we can make based on these monitoring results.
First, the stopping cost drops after certain events, indicating that some pro-
cess specifications have been completely and correctly carried out. Second, the
best reachable cost is always zero, indicating that there is always at least one
possible sequence of future events (including payloads) that would satisfy all
process specifications. The last process specification (the declarative part of the
hybrid specification) is temporarily violated after the first event because cough is
detected, thus requiring a chest X-ray to be performed. While these are the main
observations based on the given scenario, a more in-depth description, including
an overview of the activity recommendations, is available at https://youtu.be/
f9gy74Ikl8s.
Scalability. Multiple copies of the chest infection treatment DPN from Sect. 2
were used to asses the scalability of the monitoring approach. All activities
in each copy were renamed to be distinct and a constraint such as Chain
Response(noCIcopy01, CXraycopy02) was used to connect each new DPN copy
to the previous one, therefore allowing to scale up the experiments in a pre-
dictable manner that would also include interplay of the process specifications.
The same event log, consisting of four traces of three to four events, was used
for all tests.

Based on the test results (Table 1), it is clear that, for the offline task of
building the monitoring automaton, the scalability of the current implementation
is reasonable when the number of input process specifications is not very large.
While the memory usage and the size of the monitoring automaton are relatively

https://youtu.be/f9gy74Ikl8s
https://youtu.be/f9gy74Ikl8s
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Table 1. Results of the syntetic scalability experiments.

Specifications Monitoring Automaton Event Processing(ms) Implementation

DPN LMP-Declare Time(ms) States Min. Max. Mean Memory(mb)

1 0 25 7 5 40 11 226

2 1 53 83 5 40 15 232

3 2 167 1010 4 45 15 269

4 3 1997 12092 5 47 15 829

5 4 18774 143272 4 49 16 8886

small for 3 DPN models with 2 LMP-Declare constraints, both requirements
quickly ramp up with higher number of input specifications. Meanwhile, the
performance of event processing is minimally affected by the number of input
specifications and remained near instantaneous in all tests.

The potential scalability issues of the current implementation are mainly
caused by two factors. First, we focused on demonstrating that multiple declar-
ative and procedural process specifications can be combined for monitoring, thus
advancing the state-of-the-art by overcoming the assumption that the process
behavior should be embedded into a single process model. Given this focus, we
opted for a näıve implementation that could be used as a baseline for future
optimizations. Second, the approach itself has some inherent complexity issues
due to propositionalization, which leads to a state explosion in the constructed
automaton. We believe that these potential scalability issues can be mitigated;
however, this requires further research.

7 Related Work

Monitoring Petri Net Models. There are various works that rely on different
classes of Petri nets for capturing inappropriate system behaviors. One of the
first works studies a monitoring approach that detects errors by controlling the
number of tokens inside P-invariants [19]. Another work [18] proposes a workflow
management system that encompasses workflow monitoring and delay prediction
modules based on resource-aware Petri nets. While there are other Petri-net
based monitoring approaches, all of them share the common assumption that the
full process specification is given as a single Petri net, which can be insufficient
in domains with highly flexible and knowledge-intensive processes.
Monitoring Declarative Specifications. Here, we restrict ourselves to
approaches related to Declare (for comparisons with other approaches please
refer to [12]). While existing Declare approaches in general assume that a single
specification is used, splitting it into multiple specifications (e.g., one specifica-
tion per constraint) would be semantically equivalent. This is well exemplified
in [14], where the truth value of each constraint is monitored individually and
possible global conflicts are handled by the conjunction of all the constraints
being monitored. The Declare language has also been extended to account for
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multiple perspectives by considering activity payloads and corresponding moni-
toring approaches have been developed (see, e.g.,[6,13]). However, none of these
works studied monitoring of LMP-Declare constraints in hybrid specifications.
Conformance Checking. The interplay of multiple process specifications (both
procedural and declarative) has however been addressed to some extent from the
perspective of conformance checking. A recent work [8] 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 pay-
loads and, as customary to conformance checking, the authors focus on alignment
of complete traces and not on monitoring ongoing incomplete process executions.
There are two other research lines that consider multiple process and constraint
specifications, both related to the medical domain. The first one focuses on inter-
actions between CGs and BMK from the view-point of the conformance checking
problem [4]. The second one studies the same interactions, but from the perspec-
tive of explainability [22] (i.e., how can the actions taken during the treatment of
a specific patient be automatically explained given the presence of multiple CGs
and BMK). While these approaches consider the interplay of procedural and
declarative models, their respective tasks of interest are performed on historical
data and do not consider streams of events.
Hybrid Models. In addition to the aforementioned approaches, research in
relation to hybrid business process representations (HBPRs) is currently ongo-
ing. The term hybrid refers, in this case, to combining declarative and proce-
dural modeling paradigms into a unified modeling approach which would allow
expressing both strict and flexible aspects of a single process in the same model.
A conceptual framework and a common terminology for these types of mod-
els has been proposed recently [2] and a number of open research challenges
related to HBPRs have been identified [21]. Some process mining approaches for
HBPRs [7,15,20] have also been developed. However, to the best of our knowl-
edge, there are currently no monitoring approaches suitable for hybrid settings.

8 Conclusion

In this paper, we have presented M3, a framework for monitoring hybrid process
specifications in domains where multiple interacting (procedural) sub-processes
work under additional (declarative) constraints. We developed a prototypical
implementation of the monitoring approach as a proof-of-concept and performed
initial scalability experiments showing that, even without optimizations, the tool
scales reasonably well when using a limited number of specifications.

The avenues for future work can be divided into three categories. First, the
scalability of the approach should be improved, both by code optimizations and
by exploring heuristics for reducing the monitoring automaton size. Second,
the functionality should be extended to support the time perspective, recovery
strategies, and runtime modifications of the hybrid specification. These would
respectively allow the process analysts to monitor time critical aspects of a pro-
cess (e.g., a mandatory checkup after a surgery within a certain time period),
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continue monitoring after a permanent violation (thus enabling the detection of
multiple violations of a single constraint), and handle unforeseen circumstances
(e.g., a COVID-19 infection during an ongoing treatment or adaptations of a
clinical guideline). Finally, while we have presented a general framework for uti-
lizing our monitoring approach, 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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