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 A B S T R A C T

The Business Process Modeling Notation (BPMN) is the de facto standard for business process modeling. While 
widely adopted for its intuitive graphical notation, its execution semantics described in natural language lacks a 
commonly agreed formal foundation, leading to variability in execution across different BPM systems (BPMSs) 
and increasing the risk of creating models with semantic errors costly to correct at runtime. Although many 
formalisms have been used to model portions of BPMN, their reasoning capabilities are mostly restricted to 
control-flow, making them unsuitable for semantic analysis where data and global exception handling play 
a central role in execution. To address this, we propose a formalization from BPMN to ConGolog, a logical 
concurrent processes language based on the Situation Calculus, for representing and reasoning about dynamic 
domains. A major innovation is using ConGolog to rigorously capture the semantics of BPMN global exceptions. 
Our framework supports advanced reasoning, allowing for semantic analysis of BPMN models before execution 
to predict runtime errors within a safe simulation setting, while laying the foundation for reasoning layers 
in next-generation AI-augmented BPMSs. We validate the approach through a prototype and comprehensive 
evaluation, demonstrating the computational feasibility of the translation and the semantic correctness of 
reasoning tasks.
1. Introduction

Business Process Management (BPM) is an active research field ded-
icated to overseeing a series of coordinated activities, referred to as
business processes, which contribute to achieving organizational goals.
Process models define the structure and boundaries within which pro-
cesses operate, specifying the workflow, tasks, and rules for their 
automated execution [1].

The de facto standard for process modeling, called Business Process 
Modeling Notation (BPMN), is widely adopted in industry and academia 
for its intuitive graphical notation and is supported by the majority 
of commercial BPM Systems (BPMSs) [2]. Nonetheless, it provides an 
execution semantics that is described in natural language and lacks a 
commonly agreed formal foundation [3]. As a result, BPMN process 
execution can vary significantly across different BPMSs, leaving aspects 
such as data flow behavior, error handling, and multi-party collabora-
tion open to interpretation [4]. This variability increases the risk of 

I This article is part of a Special issue entitled: ‘Autonomous Process Execution Systems’ published in Information Systems.
∗ Corresponding author.
E-mail address: casciani@diag.uniroma1.it (A. Casciani).

creating process models with semantic errors, which are costly and 
difficult to correct at runtime.

Furthermore, as outlined in a recent research manifesto [5], the 
emerging shift from traditional BPMSs to AI-augmented BPMSs
(ABPMSs) is driving a transformation of the conventional BPM life-
cycle phases (e.g., modeling, execution, monitoring, etc.) into a series 
of advanced AI-enhanced steps. Central to this transformation is a
reasoning layer that interprets the semantics of a BP model, assesses 
its current execution state, and determines the next runtime action, 
guided by operational assumptions, goals, and environmental con-
straints. Unlike the well-established BPM philosophy, where a BPMN 
model is manually configured by a system engineer for execution in 
a BPMS through explicit definitions of data models and custom scripts 
for business rules, an ABPMS demands a higher degree of autonomy. This 
autonomy can be achieved with a formal specification framework that 
supports automated reasoning over data values and dynamic scenarios, 
thus allowing for: (i) comprehensive semantic analysis of process models 
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Fig. 1. Research approach based on design science principles by [9].
prior to execution, and (ii) prediction of runtime errors in a controlled 
simulation environment.

In light of these objectives, we envision two research questions 
(RQs):

RQ1: ‘‘How can Knowledge Representation and Reasoning languages 
formalize the semantics of BPMN?’’

RQ2: ‘‘How to leverage this formal encoding to enable data-aware rea-
soning tasks that go beyond the structural analysis typically avail-
able in traditional process modeling tools?’’

To address these questions, this paper presents formal process se-
mantics for a significant subset of BPMN using ConGolog [6], a formal 
language rooted in the Knowledge Representation and Reasoning (KR&R) 
domain, designed for concurrent processes based on the Situation 
Calculus [7]. While various well-established formalisms (e.g., based 
on Petri nets and process algebras) have been employed to rigorously 
represent fragments of BPMN, their automated reasoning capabili-
ties mainly rely on synthesis techniques that focus exclusively on the 
control-flow perspective. As a result, their abstraction level in handling 
data and dynamic scenarios is relatively limited compared to the ad-
vanced reasoning capabilities offered by KR&R methods. An important 
innovation of our approach lies in the treatment of BPMN global 
exceptions through the formalization of event-based subprocesses. This 
is made possible by the capabilities of ConGolog, which supports the 
modeling of concurrent activities and interrupts, making it well-suited 
to capturing the multi-threaded nature of business processes. In partic-
ular, we introduce a specific extension to the language, i.e., the guarded 
execution construct, to capture the non-trivial semantics of BPMN global 
exceptions. This allows for modeling asynchronous interrupts in a 
modular way, avoiding the ‘‘state explosion’’ often encountered when 
flattening such constructs into standard Petri nets.

Based on these considerations, we argue that our framework serves 
as a foundational step toward the direct application of reasoning tech-
niques to BPMN processes, aiming to establish a formal basis for develop-
ing a reasoning layer in ABPMSs, thereby facilitating the creation, acqui-
sition, adaptation, evolution, and sharing of data-driven knowledge. We 
demonstrate that our framework supports basic, like projection and le-
gality, and advanced reasoning tasks, such as conformance checking [8] 
and property verification, extending beyond the capabilities of standard 
BPMN tools, which are generally limited to syntactic validation and 
structural soundness checks.

We validate these claims by introducing a software architecture that 
automates the translation of BPMN process models into our formal 
encoding, thereby making the proposed reasoning capabilities more 
accessible. We further present an extensive experimental evaluation of 
the implementation, assessing the correctness and performance of both 
the automated translation and the reasoning tasks, and demonstrating 
their practical feasibility.

The rest of the paper is organized according to the activities outlined 
in [9] for delivering a design science artifact, as reported in Fig.  1:

1. Problem Explication. This phase, guided by the RQs reported 
in the current section, outlines the problem being tackled and 
2 
motivates its relevance. It is mainly addressed in Section 3, 
which reviews related work to underscore the limitations of 
current approaches and the research gap our solution aims to 
fill.

2. Requirements and Use Case Definition. The second phase 
focuses on defining the scenario used to ground the research. 
Section 2 addresses this by introducing the motivating case 
study, alongside the preliminary notions on BPMN, Situation 
Calculus, and ConGolog necessary to understand the subsequent 
formalization. We also define here the requirements for the 
formal encoding, in particular extending ConGolog to support 
the handling of global exceptions in the process model.

3. Design and Development. This phase concerns the creation 
of the design science artifact. Section 4 details the theoreti-
cal contribution, presenting the formalization framework that 
maps BPMN to Situation Calculus and ConGolog. Complementing 
this, Section 7 introduces the practical part of the work, i.e., a 
software architecture developed to automate the encoding and 
reasoning over BPMN process models.

4. Demonstration and Evaluation. The final phase focuses on 
proving the feasibility and effectiveness of the solution. We 
demonstrate the artifact in Section 5 by applying the formal-
ization to the defined case study, and in Section 6 by show-
casing the specific reasoning tasks it enables. Subsequently, 
Section 8 presents an experimental evaluation assessing the 
performance and correctness of both the automated translation 
and the reasoning tasks.

Finally, Section 9 discusses how the overall outcome of the study ad-
dresses the previously introduced RQs and the limitations of the frame-
work. Section 10 concludes the paper by summarizing the contributions 
and introducing future directions.

2. Background

2.1. Business Process Modeling Notation (BPMN)

BPMN is a standard graphical language developed by the Object 
Management Group (OMG) to design process models1 with an emphasis 
on the control flow. BPMN defines a flowchart including a range of 
diverse constructs that can be divided into: (𝑖) flow objects, (𝑖𝑖) data, 
(𝑖𝑖𝑖) connecting objects, and (𝑖𝑣) pools.

Our framework accounts for a large subset of BPMN elements 
encompassing data and control flow components, including those in the 
model presented in Fig.  2 about a job application process.

1 We refer to BPMNv2.0: http://www.omg.org/spec/BPMN/2.0/.

http://www.omg.org/spec/BPMN/2.0/
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Fig. 2. A BPMN model representing a business process to handle a job application. The main control flow (i.e., the ‘‘happy path’’) and positive decision outcomes 
are highlighted with thicker arrows and bold text, while the global exception handling subprocesses feature a gray background.
Running example. We use this job application process as a running ex-
ample. The process models the interaction between two participants: an
applicant and a company. The flow begins when the applicant prepares 
and submits a job application. Upon receipt, the company checks the 
validity of the documents. This serves as the first decision point: if 
the documents are invalid, the company produces and sends a refusal 
letter, terminating the process. If the documents are valid, the company 
proceeds to execute parallel tasks: verifying the candidate’s prerequi-
sites and assigning a contact partner. Subsequently, the application is 
evaluated to determine if the candidate qualifies for an interview. If 
eligible, the interview is planned and executed. A positive evaluation 
leads to the job offer phase, where the company validates the offer 
details and seeks internal approval. If approved, a contract is produced 
and sent to the applicant. The process concludes successfully when 
the applicant returns the signed contract, which is then stored by the 
company. Notably, this BPMN model includes global exception handling : 
the applicant can choose to withdraw their application at any point 
during the process. This event acts as a global interrupt that halts the 
company’s current activities, triggers a specific withdrawal handling 
procedure, and terminates the process instance. Such an example serves 
as our use case throughout the paper. In Sections 5 and 6, we will revisit 
it to demonstrate how our formal framework enables rigorous encoding 
and reasoning over such a process model.

In the following, we detail the BPMN constructs used to model such 
a process.
Flow objects. Flow objects define the behavior of a process and can be 
classified into events, activities, and gateways. Events model the occur-
rence of states in the real world that are relevant for processes and, 
more generally, anything that can happen instantaneously (e.g., an 
application has been received). Events in BPMN can be partitioned into 
three types, based on their position in the process. Start events, which 
are depicted as circles with a thin border (e.g., the initial event in the 
applicant process indicating the need for a job) and have no incom-
ing sequence flow edges, are used to trigger processes and, from the 
simulation perspective, create tokens.2 Intermediate events, represented 

2 Tokens are a conceptual tool to describe the execution flow of a process 
instance as it progresses through the flow objects of the model.
3 
as circles with a double border and having both an incoming and 
an outgoing sequence flow edge, can delay processes or be triggered 
during process executions (e.g., the throw message event for sending 
and the catch message event for receiving of an application). End events, 
which are modeled as circles with a thick border and have no outgoing 
sequence flow edges, indicate the completion of processes and the 
destruction of the tokens (e.g., the finalization of the application by the 
applicant). A specific variant, the terminate end event, depicted as an end 
event with a black inner circle, triggers the immediate termination of 
a process (e.g., completing the application withdrawal) and causes the 
destruction of all tokens within the process instance.

Activities (or tasks), depicted as labeled rounded boxes, represent 
units of work performed during processes that, unlike the events, have 
a certain duration (e.g., prepare an application). Activities capturing 
units of work that are not further refined are named atomic activities or
tasks, while composite activities that can be broken down into smaller 
units of work achieving a goal are called sub-processes.

An event sub-process, delimited by a dotted rectangle with rounded 
corners, is started by the event attached to an activity’s boundary and 
encloses the procedure that would be triggered by the boundary event. 
Those sub-processes serve to manage both the reception of external 
messages as well as handling of exceptions. In the latter scenario, 
the process is not aborted, and the error is caught by the event sub-
process that provides the recovery activity to obtain a consistent state 
of execution. In this study, we focus on global exceptions that can be 
raised at any point in the overarching process, such as handling the 
application’s withdrawal coming from the applicant.

Gateways are used to represent the split and join behavior of the 
control flow when there is a need to model specific conditions like 
mutual exclusion or concurrency. A gateway determines the forking, 
merging, or joining of paths. Split gateways have one incoming edge 
and at least two outgoing edges, representing the flow that is branched. 
By contrast, join gateways have at least two incoming edges and one 
outgoing edge, modeling the merging of the control flow. The main 
gateway types are exclusive, parallel, and event-based. Exclusive gateways, 
also known as XOR gateways, model the relation between two or more 
alternative activities that are mutually exclusive, i.e., only one of 
them can be executed according to a data-driven condition (e.g., the 
gateway that checks if all documents for the application are in order).
Parallel gateways, or AND gateways, model the relation between two 
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or more activities that can be executed concurrently: they have no 
order dependencies but must all be executed, as seen in the gateway 
preceding the tasks for verifying prerequisites and assigning a contact 
partner. Specifically, the AND-split models the parallel execution of two 
or more branches, and the AND-join awaits all the tokens that have 
been created and merges them into one. Event-driven gateways model 
the race of several events against each other, i.e., the first event to occur 
determines the continuation of the process. The event-driven gateway 
acts like a split gateway, with as many outgoing edges as the number 
of intermediate catching events participating in the race. When a token 
arrives at this gateway, the instance execution stops until one of the 
events on the outgoing branches occurs. This construct is used in Fig. 
2 to represent the applicant’s wait for either the contract or the letter 
of refusal issued by the company in response to their application.

Data. BPMN allows the explicit modeling of data (e.g., applications, 
contracts, etc.) using data objects and data stores. They primarily serve 
to represent the informational aspects of a process model, but they 
influence execution semantics, particularly when used in conditions, 
data associations, or input/output specifications. Data objects provide 
information regarding activity requirements and specify data inputs 
and outputs of activities. Data stores are places containing data objects 
that need to persist beyond the duration of a process instance, e.g., a 
database.

Connecting objects. Connecting objects connect flow objects or data ob-
jects/stores. The Sequence flow is used to specify the ordering of flow 
objects, while message flow describes the flow of messages between 
business partners represented by pools. Association is a specific type of 
connecting object that is used to link data objects/stores to activities.

Pools. From a resource perspective, pools are used to model resource 
classes, i.e., independent organizational entities that do not share any 
common system, but communicate with each other through messages 
(e.g., the applicant and the company).

2.2. Situation calculus

The Situation Calculus is a logical language designed for representing 
and reasoning about dynamic domains [7]. The dynamic world is seen 
as progressing through a series of situations as a result of various actions
being performed.

Definition 2.1 (Situations and Actions). A situation 𝑠 is a first-order term 
denoting the sequence of actions performed so far. The special constant 
𝑆0 stands for the initial situation, where no action has yet occurred. The 
special binary function symbol 𝑑𝑜(𝑎, 𝑠) denotes the situation resulting 
from the performance of action 𝑎 in situation 𝑠.

Definition 2.2 (Sub-situation). A situation 𝑠 is a sub-situation of 𝑠′, 
denoted 𝑠 ⊑ 𝑠′, if and only if 𝑠 is a prefix of 𝑠′. Formally, the relation 
is axiomatized as follows:

𝑠 ⊑ 𝑠′ ≡ [𝑠 = 𝑠′ ∨ (∃𝑎, 𝑠′′).𝑠′ = 𝑑𝑜(𝑎, 𝑠′′) ∧ 𝑠 ⊑ 𝑠′′]

Definition 2.3 (Fluents). Relations and functions whose value may 
change from one situation to the next are modeled through fluents.

• Relational fluents are relations whose truth values vary from situ-
ation to situation.

• Functional fluents are functions whose values vary from situation 
to situation.

Both are denoted by function symbols taking a situation term as their 
last argument. Without loss of generality, we used for the proposed 
formalization only relational fluents.
4 
Two special predicates govern the executability and nature of ac-
tions. The predicate 𝑃𝑜𝑠𝑠(𝑎, 𝑠) is used to state that action 𝑎 is executable 
in situation 𝑠, whereas the situation-independent predicate 𝐸𝑥𝑜𝑔(𝑎) is 
used to denote that 𝑎 is an exogenous event (i.e., an event originating 
from the external environment). We denote by 𝜙(𝑥⃗) a formula whose 
free variables are among variables 𝑥⃗, assumed to be universally quan-
tified. A fluent formula is one whose only situation term mentioned is 
the situation variable 𝑠.

Within this language, one can formulate action theories describing 
how the world changes as a result of the available actions.

Definition 2.4 (Basic Action Theory). A Basic Action Theory (BAT)  is 
defined, according to [7], as:

 = 𝛴 ∪𝑆0
∪𝑝𝑜𝑠𝑠 ∪𝑠𝑠 ∪𝑢𝑛𝑎

where:

• 𝛴 are the domain-independent foundational axioms describing the 
structure of situations and auxiliary relations like ⊑ and
𝐸𝑥𝑒𝑐𝑢𝑡𝑎𝑏𝑙𝑒(𝑠).

• 𝑆0
 are the initial state axioms, a collection of first-order sentences 

whose only situation term mentioned is the situation constant 
𝑆0. These define what is true initially in 𝑆0, as well as auxil-
iary situation-independent information (such as axioms for the 
predicate 𝐸𝑥𝑜𝑔(𝑎)).

• 𝑝𝑜𝑠𝑠 are the action precondition axioms, one per action, specifying 
when the action is executable. They are of the form:

𝑃𝑜𝑠𝑠(𝑎(𝑥⃗), 𝑠) ≡ 𝛱𝑎(𝑥⃗, 𝑠)

where 𝛱𝑎(𝑥⃗, 𝑠) is a fluent formula defining the conditions under 
which action 𝑎 can be legally executed in situation 𝑠.

• 𝑠𝑠 are the successor state axioms, one per fluent, capturing the 
effects and non-effects (i.e., frame) of actions. The successor state 
axiom for a relational fluent 𝐹 (𝑥⃗, 𝑠) is of the form:

𝐹 (𝑥⃗, 𝑑𝑜(𝑎, 𝑠)) ≡ 𝛹𝐹 (𝑥⃗, 𝑎, 𝑠)

where 𝛹𝐹 (𝑥⃗, 𝑎, 𝑠) is a fluent formula characterizing the dynam-
ics of fluent 𝐹 (𝑥⃗, 𝑠). Importantly, 𝛹𝐹 (𝑥⃗, 𝑎, 𝑠) can accommodate 
Reiter’s [7] solution to the frame problem.3 Free variables are 
assumed to be universally quantified.

• 𝑢𝑛𝑎 are the unique name axioms assumed for actions.

2.3. ConGolog

Building upon situation calculus action theories, logic-based pro-
gramming languages have been proposed to allow for the specification 
of complex actions. Golog [10] was the first such language, providing 
a high-level programming formalism for agents acting in dynamic do-
mains described by the situation calculus. ConGolog [6] extends Golog
by introducing explicit constructs for concurrent processes, prioritized 
execution, and interrupts, thus enabling the specification of programs 
where multiple activities can progress in an interleaved or parallel 
fashion.

Formally, ConGolog relies on a transition semantics defined in terms 
of single-step transitions and final configurations, extending the orig-
inal Golog semantics to handle multiple control threads. This makes
ConGolog suitable for describing reactive and multi-threaded behaviors 
within a logical framework.

We focus here on the core fragment of the language.

3 In AI, the frame problem is the challenge of capturing the effects of 
actions succinctly, without explicitly representing a large number of intuitively 
obvious non-effects [7].
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Definition 2.5 (ConGolog Syntax). The set of legal ConGolog programs 
𝛿 is defined inductively by the following constructs:
𝛼 𝑎𝑡𝑜𝑚𝑖𝑐 𝑎𝑐𝑡𝑖𝑜𝑛
𝜙? 𝑡𝑒𝑠𝑡 𝑓𝑜𝑟 𝑎 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
(𝛿1; 𝛿2) 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒
(𝛿1|𝛿2) 𝑛𝑜𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 𝑐ℎ𝑜𝑖𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑐𝑡𝑖𝑜𝑛𝑠
𝜋𝑥.𝛿(𝑥) 𝑛𝑜𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 𝑐ℎ𝑜𝑖𝑐𝑒 𝑜𝑓 𝑎𝑟𝑔𝑢𝑚𝑒𝑛𝑡
𝛿∗ 𝑛𝑜𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝐢𝐟 𝜙 𝐭𝐡𝐞𝐧 𝛿1 𝐞𝐥𝐬𝐞 𝛿2 𝐞𝐧𝐝𝐈𝐟 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙
𝐰𝐡𝐢𝐥𝐞 𝜙 𝐝𝐨 𝛿 𝐞𝐧𝐝𝐖𝐡𝐢𝐥𝐞 𝑤ℎ𝑖𝑙𝑒 𝑙𝑜𝑜𝑝
𝐩𝐫𝐨𝐜 𝑃 (𝑥⃗) 𝐝𝐨 𝛿(𝑥⃗) 𝐞𝐧𝐝𝐏𝐫𝐨𝐜 𝑝𝑟𝑜𝑐𝑒𝑑𝑢𝑟𝑒 𝑑𝑒𝑓𝑖𝑛𝑖𝑡𝑖𝑜𝑛
𝛿1 ∥ 𝛿2 𝑐𝑜𝑛𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦
𝛿1⟩⟩𝛿2 𝑝𝑟𝑖𝑜𝑟𝑖𝑡𝑖𝑧𝑒𝑑 𝑐𝑜𝑛𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦
𝛿∥ 𝑐𝑜𝑛𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
⟨𝜙 → 𝛿⟩ 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡

Regarding the behavior of specific constructs: the test 𝜙? proceeds 
only if condition 𝜙 holds; 𝜋𝑥.𝛿(𝑥) executes 𝛿(𝑥) for some nondeter-
ministic choice of argument 𝑥; and 𝛿∗ executes 𝛿 zero or more times. 
Concurrent execution is captured by 𝛿1 ∥ 𝛿2 (interleaved execution) 
and 𝛿1⟩⟩𝛿2 (prioritized execution), where 𝛿1 has higher priority and 
𝛿2 executes only when 𝛿1 is blocked or completed. The construct 𝛿∥
denotes the concurrent iteration of 𝛿. Finally, ⟨𝜙 → 𝛿⟩ represents an 
interrupt mechanism: if 𝜙 becomes true, program 𝛿 is triggered and 
must execute to completion.

Definition 2.6 (Transition Semantics). The formal semantics of Con-
Golog is defined through two predicates [6]:

• 𝑇 𝑟𝑎𝑛𝑠(𝛿, 𝑠, 𝛿′, 𝑠′): Holds if one execution step of program 𝛿 in 
situation 𝑠 leads to situation 𝑠′, with 𝛿′ remaining to be executed.

• 𝐹 𝑖𝑛𝑎𝑙(𝛿, 𝑠): Holds if program 𝛿 may legally terminate in situation 
𝑠.

Relationship with IndiGolog. A further extension of ConGolog, IndiGolog
[11], augments the language with support for interleaved actions, sens-
ing, and lookahead planning. While ConGolog specifies programs whose 
execution semantics are fully determined by logical transition rules,
IndiGolog programs are designed for online execution: at every step, a 
legal next action is selected, performed in the world, and its sensing 
outcome gathered. To account for planning, a special lookahead con-
struct 𝛴(𝛿) (the search operator) is provided to encode the requirement 
of finding a complete execution of 𝛿 offline before committing to 
actions.

For our purposes, we rely on the IndiGolog implementation [11] 
built in Prolog,4 which provides an executable environment for the 
constructs defined above. As part of this work (see Section 4.1), we 
extend this set of constructs with a mechanism to abort the current 
program.

3. Related work

The formalization of BPMN semantics has been extensively stud-
ied to mitigate the ambiguities inherent in the standard. Despite its 
widespread adoption in academia and industry, the natural language 
specification of BPMN often leads to inconsistent implementations and 
underspecified data behaviors, frequently reducing data specifications 
to unstructured textual comments. Over the years, several approaches 
attempted to formalize specific perspectives of BPMN semantics. To 
clarify the positioning of our contribution, we categorize these works 
into three primary research lines based on their focus: control-flow-
based approaches, collaboration-oriented formalisms, and data-centric
encodings. Furthermore, we review the broader application of KR&R 
techniques for process modeling.

4 IndiGolog repository: https://github.com/ai-krml-uoft/indigolog.
5 
Table  1 provides a detailed comparison of our framework against 
the main existing BPMN formalizations, highlighting trade-offs in ex-
pressive power and reasoning capabilities. While approaches like [12,
13] support, for instance, the inclusive OR-gateway (which we cur-
rently do not due to inherent limitations of the employed language), 
our framework combines native data-awareness and global exceptions 
handling.

3.1. BPMN semantics for control-flow

Early approaches prioritized mapping BPMN to formalisms such as
Petri nets to leverage well-established analysis techniques for control-
flow verification. Dijkman et al. [3] provided a foundational encod-
ing of BPMN control-flow (i.e., the subset of the notation dealing 
with the ordering of activities and events) to Petri nets, enabling the 
verification of properties like soundness and presence of deadlocks. 
However, these approaches typically abstract away data and exception 
handling mechanisms to avoid state-space explosion, thereby limiting 
their analysis and reasoning abilities. Furthermore, they do not ad-
dress BPMN’s non-functional aspects (e.g., artifacts) or organizational 
features (i.e., pools).

To address some of these limitations, Kheldoun et al. [17] pro-
posed a verification approach based on high-level Petri nets (namely, 
Recursive ECATNets). This method handles both data (via abstract 
data types) and cancellations, offering a hybrid middle ground. Nev-
ertheless, it relies on heavy transformation rules to an intermediate 
formalism, whereas our approach maps BPMN directly to situation 
calculus and ConGolog.

Other works have employed Abstract State Machines (ASMs) to pro-
vide a ground model for BPMN 2.0 [16], covering data, events, and 
message flows. While ASMs are effective for specification and sim-
ulation, they lack the native logical inference mechanisms found in 
KR&R, which allow for tasks like determining if a specific data state 
is reachable (i.e., projection) without simulation.

3.2. BPMN semantics for collaboration

A significant body of work has focused on the formal verification 
of BPMN collaborations. Houhou et al. [12] introduced a first-order 
logic semantics implemented in TLA+ to verify correctness properties 
of process collaborations. The approach is expressive in control-flow, 
supporting the complex inclusive OR-gateway and various communica-
tion models, but it abstracts data away to keep verification tractable. 
Similarly, Corradini et al. [13] proposed a tool that addresses the 
state-explosion problem inherent in collaborative models by integrating 
statistical model checking. It supports the OR-gateway and checks for 
system-independent properties such as safeness, but explicitly excludes 
quantitative data aspects to focus on control-flow correctness. Comple-
menting these, [4] provides a data-agnostic operational semantics of 
BPMN collaborations based on a labeled transition system (LTS) and 
defines three correctness properties: well-structuredness, safeness, and 
soundness.

Shifting focus from single collaborations to business process archi-
tectures, Eid-Sabbagh et al. [14] analyze collections of process models 
to capture message and trigger flow relations. By transforming the 
architecture into open nets (a variant of Petri nets) and using CTL 
formulas for verification, they ensure structural consistency across in-
terconnected processes. While this encoding is highly expressive at the 
architectural macro level, it operates at a lower level regarding internal 
process semantics compared to our framework, as it does not model 
data values or exception constructs (such as terminate end events), 
focusing instead on message passing rather than data-based routing.

https://github.com/ai-krml-uoft/indigolog
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Table 1
Comparison of our approach with relevant related works focusing on BPMN semantics formalization. A checkmark (3) denotes supported features, a cross (7) 
the unsupported ones, and a circle (l) partial support. In the expressive power column, (+) highlights strengths while (−) indicates limitations.
 Reference Formalism Data Glob. Ex. Collab. Analysis focus Expressive power & limitations 
 Dijkman et al. [3] Petri nets 7 l 7 Structural (Control-flow 

soundness)
(+) Deadlock and reachability 
check.
(−) No data; limited exception 
handling.

 

 Eid-Sabbagh et al. 
[14]

Open Nets/CTL 7 7 3 Architecture analysis 
(interaction soundness)

(+) Interdependencies via 
triggers/messages.
(−) No data values; limited 
control logic.

 

 Meyer et al. [15] Relational/SQL 3 7 7 Enactment & data 
dependencies

(+) Complex data 
dependencies.
(−) No collaboration.

 

 Kossak et al. [16] ASM 3 3 3 Simulation (+) Extensive BPMN coverage.
(−) Verification requires 
transformation; higher 
complexity.

 

 Kheldoun et al. [17] Recursive 
ECATNets

3 l 3 Verification (LTL/Maude) (+) Handles data & 
cancellation.
(−) Complex mapping rules.

 

 Houhou et al. [12] FOL/TLA+ 7 7 3 Verification (safety, 
soundness)

(+) OR-gateways and 
communication.
(−) Data abstracted.

 

 Corradini et al. [4] Op. Semantics 
(LTS)/S3

7 3 3 Structural classification 
(safety, soundness)

(+) Arbitrary topologies, 
terminate events, and 
sub-processes.
(−) Data abstracted. State 
explosion.

 

 Corradini et al. [13] Op. Seman-
tics/Maude

7 7 3 Verification (LTL & Statistical) (+) OR-gateways & large state 
spaces.
(−) No data support.

 

 Corradini et al. [18] Op. Semantics 
(LTS)

3 7 3 Animation & Debugging (+) Multi-instance data & 
correlations.
(−) Simulation only.

 

 Our approach SitCalc/ConGolog 3 3 3 Semantic reasoning (+) Native data fluents and 
global exceptions.
(−) No OR-gateway; structured 
models assumed.

 

3.3. BPMN semantics for data

Regarding the data perspective, several approaches have aimed to 
integrate data into the formalization. Meyer et al. [15] investigated the 
enactment of data dependencies, generating SQL queries from BPMN 
data objects. This method can handle 𝑚 ∶ 𝑛 data relationships but 
focuses on enactment rather than formal reasoning. The framework 
in [18] focuses on the interplay between control features, multiple in-
stances, and data handling (including collections and stores). However, 
it is mainly an animator for debugging, whereas our encoding uses 
the IndiGolog interpreter to perform reasoning tasks. In the broader 
literature, data-centric process modeling techniques like [19] offer 
interesting alternatives (e.g., artifact-centric models). However, these 
often require adopting entirely new modeling paradigms and languages 
and are not widely adopted by practitioners compared to BPMN. In con-
trast, our goal is to inject data-aware reasoning directly into standard 
BPMN models.

3.4. Knowledge representation and reasoning for process modeling

We now review KR&R techniques that formalize semantics for pro-
cess languages beyond BPMN. Early work by [20] provided semantics 
for WS-BPEL (Business Process Execution Language), a process calculus 
model of computation for concurrent systems, using an extension of the 
𝜋-calculus [21]. Originally intended for web service orchestration, WS-
BPEL has seen reduced overlap with BPMN over time. Consequently, 
BPMN has established its own interchange format for process modeling, 
while WS-BPEL is now considered outdated and no longer mainstream.
6 
More recently, research has explored the intersection of declarative 
modeling and logic. To tackle the limitations of imperative notations 
in handling high-variability processes, De Giacomo et al. [22] proposed 
BPMN-D, a conservative extension of BPMN that include the translation 
of ‘‘open-world’’ declarative constraints, defined in Declare using Lin-
ear Temporal Logic on finite traces (LTL𝑓 ). Moreover, addressing the 
translation from imperative to declarative models, Barbaro et al. [23] 
introduced an algorithm to synthesize semantically equivalent Declare
specifications from safe and sound workflow nets.

Regarding semantic analysis, the work in [24] demonstrated how 
Answer Set Programming (ASP) can integrate domain ontologies for 
reasoning about business processes. By formalizing domain knowl-
edge in a low-complexity description logic and using causal rules, 
their framework supports the verification of temporal logic proper-
ties against process models enriched with semantic constraints. Simi-
larly, [25] investigated relational semantics for Petri nets, defining a 
spectrum of parameterized relation sets to abstract behavioral profiles 
for workflow verification.

Focusing on the generation of synthetic data, Skydanienko et al.
[26] used the Alloy model checker to handle constraints on both 
control flow and data attributes for generating event logs from Multi-
Perspective Declare models.

Within the specific domain of Situation Calculus and ConGolog, 
several works have demonstrated feasibility in practical tasks such as 
process execution, monitoring, and recovery. SmartPM [27] provides 
a model and prototype BPMS supporting the automated adaptation of 
knowledge-intensive processes at runtime. However, the formal spec-
ification in SmartPM captures only basic BPMN constructs (activities, 
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AND/XOR gateways), neglecting events, pools, and data objects. Fur-
thermore, Golog was also used for composing web services [28]. Al-
though focused on formalized services, this technique could potentially 
be applied to automate the construction of BPMN models. Finally, 
works like [29–31] have investigated the verification of Golog pro-
grams. While these are currently research artifacts, they demonstrate 
the feasibility of verifying non-trivial properties over complex theories, 
a capability that our framework extends to the BPMN standard.

4. Formalizing BPMN in situation calculus and ConGolog

Table  2 presents our formalization framework for BPMN constructs 
and patterns using situation calculus and ConGolog. It is important to 
note that this formalization includes the minimal set of situation calcu-
lus and ConGolog statements to render the considered BPMN patterns, 
thereby avoiding redundant logical axioms and ensuring the generated 
encoding is compact and efficient for reasoning.
Durative task. A single BPMN (durative) task, associated with vectors of 
input and output data objects ⃗𝑥 and 𝑦 and a process instance’s identifier 
𝑖𝑑, is represented in the action theory by a primitive action 𝛼𝑠(𝑖𝑑, 𝑥⃗) that 
starts the task and an exogenous action 𝛼𝑒(𝑖𝑑, 𝑦) that concludes it. The 
relational fluents 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) and 𝐷𝑜𝑛𝑒(𝛼𝑒(𝑖𝑑, 𝑦), 𝑠) represent the 
task’s initiation and completion. Specifically, 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) holds 
if the starting action is ongoing and the completing action is not yet 
performed. Additionally, we use the fluents 𝛽(𝑖𝑑, 𝑥, 𝑠) and 𝛾(𝑖𝑑, 𝑦, 𝑠) to 
identify the types of the input and output data objects linked to the 
execution of the process instance with the provided 𝑖𝑑. Notably, the 
starting action 𝛼𝑠(𝑖𝑑, 𝑥⃗) can occur when 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) is false and 
the input data objects satisfy 𝛽(𝑖𝑑, 𝑥⃗, 𝑠) for the given process 𝑖𝑑. The 
effect axiom for 𝛼𝑠(𝑖𝑑, 𝑥⃗) sets the corresponding 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) flu-
ent to be true. Instead, the completion action 𝛼𝑒(𝑖𝑑, 𝑦) can be executed 
if its corresponding 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) holds and the required output 
data objects satisfy 𝛾(𝑖𝑑, 𝑦, 𝑠) for the given execution 𝑖𝑑. The completion 
action 𝛼𝑒(𝑖𝑑, 𝑦) sets the 𝐷𝑜𝑛𝑒(𝛼𝑒(𝑖𝑑, 𝑦), 𝑠) fluent to be true. Furthermore, 
𝛼𝑒(𝑖𝑑, 𝑦) generates the output data objects of type 𝛾, as indicated by the 
associated relational fluent. Both 𝛼𝑠 and 𝛼𝑒 usually affect some other 
fluents in a task-specific manner, and these are specified by providing 
additional effect axioms. Initially, both the 𝑅𝑢𝑛𝑛𝑖𝑛𝑔(𝛼𝑠(𝑖𝑑, 𝑥⃗), 𝑠) and 
𝐷𝑜𝑛𝑒(𝛼𝑒(𝑖𝑑, 𝑦), 𝑠) fluents for the task in this instance are assumed to 
be false, and the output data objects do not yet exist. In the high-
level program, the primitive action 𝛼𝑠(𝑖𝑑, 𝑥⃗) is executed to start the task 
for the given case, along with its input data objects. This is followed 
by a test on 𝐷𝑜𝑛𝑒(𝛼𝑒(𝑖𝑑, 𝑦), 𝑠), which waits for the exogenous action 
𝛼𝑒(𝑖𝑑, 𝑦) to finish the task. For instantaneous actions, we can omit the 
completion event 𝛼𝑒(𝑖𝑑, 𝑦) and set 𝐷𝑜𝑛𝑒(𝛼𝑒(𝑖𝑑, 𝑦), 𝑠) to true as soon as 
𝛼𝑠(𝑖𝑑, 𝑥⃗) is executed.
Sub-processes sequence. The second modeled pattern represents a se-
quence of two sub-processes, 𝛿𝑖 and 𝛿𝑗 , which is naturally translated 
into the program using the ConGolog sequence operator.
Exclusive gateway. The exclusive gateway pattern is captured with 
the ConGolog if-then-else construct. Specifically, 𝜙 acts as a composite 
condition governing the control flow, determining which branch to 
follow and executing the corresponding sub-processes 𝛿𝑖 or 𝛿𝑗 . The 
default branch of the BPMN XOR gateway aligns with the else clause 
in the ConGolog conditional construct.
Parallel gateway. The parallel gateway, denoting the concurrent execu-
tion of sub-processes 𝛿𝑖 and 𝛿𝑗 , is expressed in the high-level program 
using the concurrency operator 𝛿𝑖 ∥ 𝛿𝑗 .

Structured loop. The BPMN pattern for the structured loop, imple-
mented using an exclusive gateway to check if a specific condition 
𝜙 is satisfied after an iteration, is modeled with the sequence com-
posed by the 𝛿 sub-process (executed at least once) followed by the 
corresponding ConGolog while loop.
7 
Intermediate message event. The throw intermediate message event is 
represented in the action theory by the primitive action 𝜖𝑡(𝑖𝑑, 𝑥⃗) and 
the fluent 𝐷𝑜𝑛𝑒(𝜖𝑡(𝑖𝑑, 𝑥⃗), 𝑠), which indicates the completion of both 
sending and receiving the corresponding message and data objects 𝑥⃗
of type 𝛽. Instead, the action 𝜖𝑡(𝑖𝑑, 𝑥⃗) is executable if 𝛽(𝑖𝑑, 𝑥⃗, 𝑠) holds 
for its required input data objects in this process instance 𝑖𝑑. The 
effect of 𝜖𝑡(𝑖𝑑, 𝑥⃗) is to set the associated relational fluent to true in 
the subsequent situation, whereas initially, this fluent is assumed to be 
false. In the high-level program, this event is implemented by executing 
the primitive action 𝜖𝑡(𝑖𝑑, 𝑥⃗).

Event-based gateway. The event-based gateway, which triggers the exe-
cution of the first branch whose catch intermediate event is activated, is 
translated in the action theory through a fluent 𝐷𝑜𝑛𝑒(𝜖𝑖(𝑖𝑑), 𝑠) for each 
catch intermediate event. In the high-level program, this predicate is 
tested to determine the subsequent execution of the corresponding sub-
process 𝛿𝑖. Each event-based branch, consisting of such a test and its 
associated sub-process in sequence, is placed within a nondeterministic 
choice of actions along with the other sequences.

Start event. The start event of a BPMN process model is represented 
in the action theory by an exogenous action 𝜖𝑠(𝑖𝑑, 𝑦), which initiates 
the execution of a process instance identified by 𝑖𝑑, producing the data 
objects ⃗𝑦 as output. This action is executable whenever the instance 𝑖𝑑 is 
not active in a given situation 𝑠, as specified by the ¬𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) fluent, 
and 𝛽(𝑖𝑑, 𝑦, 𝑠) is satisfied for its data objects. The execution of 𝜖𝑠(𝑖𝑑, 𝑦)
has the effect of setting 𝐷𝑜𝑛𝑒(𝜖𝑠(𝑖𝑑, 𝑦), 𝑠) (false in the initial situation 𝑆0) 
to true, indicating the action’s completion. Additionally, 𝜖𝑠(𝑖𝑑, 𝑦) makes 
true 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠), signaling that a process instance is now running, and 
waiting for the pool 𝜌 for processing, by making 𝑊 𝑎𝑖𝑡𝑖𝑛𝑔(𝑖𝑑, 𝜌, 𝑠) hold.

End event. Conversely, the end event is modeled in the action theory as 
a primitive action 𝜖𝑒(𝑖𝑑, 𝑥⃗), which takes the data objects 𝑥⃗ as input. This 
action can be executed whenever the process instance being completed 
is active, as indicated by the 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) fluent. The effects of 𝜖𝑒 are to 
mark its completion by setting the fluent 𝐷𝑜𝑛𝑒(𝜖𝑒(𝑖𝑑, 𝑥⃗), 𝑑𝑜(𝑎, 𝑠)) to true, 
which is initially false, and to conclude the process instance by setting 
𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) to false.

Pool. BPMN pools 𝜌𝑖 (𝑖 ∈ {1,… , 𝑁}) are interpreted as servers imple-
mented through ConGolog procedures that are in a concurrent iteration 
construct. This runs a new instance of the process concurrently when-
ever the start condition is satisfied. Specifically, the procedure 𝛿𝑖 selects 
non-deterministically a process instance 𝑖𝑑 that is waiting, acquires 
it, and handles it with a procedure ℎ𝑎𝑛𝑑𝑙𝑒𝑖(𝑖𝑑). All pool procedures 
are executed concurrently in the overall controller, which employs 
prioritized concurrency. To ensure that the pools do not terminate 
prematurely, we include at the lowest priority a busy wait mechanism 
that can be terminated by shutting down the servers. In the action 
theory, the primitive action 𝑎𝑐𝑞𝑢𝑖𝑟𝑒(𝑖𝑑, 𝜌) is used to acquire an instance 
𝑖𝑑 for processing by the pool 𝜌. This action is executable whenever the 
𝑊 𝑎𝑖𝑡𝑖𝑛𝑔(𝑖𝑑, 𝜌, 𝑠) fluent is true, indicating that the instance 𝑖𝑑 is waiting 
for the pool 𝜌 in the current situation 𝑠. 𝑊 𝑎𝑖𝑡𝑖𝑛𝑔(𝑖𝑑, 𝜌, 𝑠) becomes true 
when the proper start event triggers. Executing 𝑎𝑐𝑞𝑢𝑖𝑟𝑒(𝑖𝑑, 𝜌) changes 
the fluent to false, signaling that the instance is no longer waiting. The 
ℎ𝑎𝑛𝑑𝑙𝑒𝑖(𝑖𝑑) for a process instance depends on the specific BPMN model 
and may represent an arbitrarily complex procedure, managing the 
control flow within the sub-process 𝛿𝑖. Additionally, the theory includes 
an exogenous action 𝑠ℎ𝑢𝑡_𝑑𝑜𝑤𝑛, which is always executable. This action 
sets the relational fluent 𝑆𝑡𝑜𝑝𝑝𝑒𝑑(𝑠) that governs the interrupt to true, 
halting the pool servers and preventing them from processing further 
process instances. Nonetheless, there are scenarios where a pool serves 
only one request at a time: in such cases, the pool can be modeled in 
the program as a while loop conditioned on waiting for new instances 
to arrive.
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Table 2
Formalization of major BPMN patterns in situation calculus.
4.1. Handling BPMN global exceptions

A standard feature of BPMN is that of global exceptions (last row 
of Table  2). Global exceptions can trigger at any point during the 
process execution and, in many real scenarios (like the one described 
later in our case study), they are used to abort the current active pool 
execution.

Surprisingly, the existing ConGolog-like languages do not support 
the graceful ‘‘abortion’’ of a running program. So, we extend the high-
level language with a new construct for guarded execution, 𝐠𝐞𝐱𝐞𝐜(𝜙, 𝛿), 
that executes program 𝛿 only as long as condition 𝜙 holds; if 𝜙 be-
comes false, the execution of the construct can immediately termi-
nate. We have also incorporated it in the Prolog implementation of
IndiGolog [11] that we shall use for our case study later on.
8 
The following axioms characterize the predicates 𝑇 𝑟𝑎𝑛𝑠 and 𝐹 𝑖𝑛𝑎𝑙
for the new guarded execution construct:
𝑇 𝑟𝑎𝑛𝑠(𝐠𝐞𝐱𝐞𝐜(𝜑, 𝛿), 𝑠, 𝛿′, 𝑠′) ≡ 𝜑[𝑠] ∧ ∃𝛿′′.𝑇 𝑟𝑎𝑛𝑠(𝛿, 𝑠, 𝛿′′, 𝑠′) ∧ 𝛿′ = 𝑔𝑒𝑥𝑒𝑐(𝜑, 𝛿′′)
𝐹 𝑖𝑛𝑎𝑙(𝐠𝐞𝐱𝐞𝐜(𝜑, 𝛿), 𝑠) ≡ ¬𝜑[𝑠] ∨ 𝐹 𝑖𝑛𝑎𝑙(𝛿, 𝑠)

The last row in Table  2 shows how we leverage the new construct 
to account for global exceptions in BPMN. This block represents the 
exception handling procedure, structured as a standard BPMN flow 
with a start event 𝜖𝑠, a sub-process 𝛿𝑒, and a terminate end event 𝜖𝑡, 
which concludes the execution of the overall process instance. Notably, 
the start event 𝜖𝑠 is modeled as an exogenous action that can be 
triggered at any point during execution. When triggered, it makes the 
condition 𝜙(𝑑𝑜(𝑎, 𝑠)) false and sets the relational fluent 𝐷𝑜𝑛𝑒(𝜖𝑠, 𝑑𝑜(𝑎, 𝑠))
to true, signaling its completion. Subsequently, first 𝛿𝑒 is executed, and 
then the terminate end event 𝜖  is executed, represented by a primitive 
𝑡
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action that updates its corresponding fluent 𝐷𝑜𝑛𝑒(𝜖𝑡, 𝑑𝑜(𝑎, 𝑠)) to true and 
sets 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑑𝑜(𝑎, 𝑠)) to false, thereby indicating the termination of the 
overall process instance.

It is important to notice that this extension addresses a critical 
limitation in existing process modeling formalisms. Indeed, in standard 
approaches like Petri nets, modeling a ‘‘global’’ interrupt often requires 
adding explicit transition arcs from every possible state of the process 
to the exception handler, leading to cluttered models and state-space 
explosion. By introducing the guarded execution construct for ConGolog
at a logical level, we can capture this semantics natively, allowing the 
reasoner to handle the asynchronous termination of complex, multi-
threaded activities (like the applicant and company pools running in 
parallel in our running example) without altering the structure of the 
main control flow.

5. Case study

We use the BPMN model in Fig.  2 to demonstrate our framework. 
The model details the execution flow of a job application process, 
involving two pools: the applicant and the company. We stress that 
this model is a realistic one that resembles real-world domains in its 
complexity and structure [1]. The complete formalization in situation 
calculus and ConGolog is presented in the appendix. We also pro-
vide the corresponding implementation5 that can be executed through 
the IndiGolog interpreter to simulate the process behavior before its 
concrete enactment.

The process begins when the applicant initiates the job applica-
tion process, marked by a start event. This is modeled in the action 
theory using the exogenous action job_needed(𝑖𝑑), where 𝑖𝑑 identifies 
the specific process instance. This action sets the 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) flu-
ent to true, triggering the primitive action prepare_application_start(𝑖𝑑). 
The process remains in this state until the concluding exogenous ac-
tion prepare_application_end(𝑖𝑑, 𝑎𝑝𝑝) produces an application data object 
𝑎𝑝𝑝 for the given process instance 𝑖𝑑. The applicant then submits 
the application, initiating the company’s process with the action ap-
plication_sent(𝑖𝑑, 𝑎𝑝𝑝). From the high-level program perspective, the 
company waits for the 𝐷𝑜𝑛𝑒(application_sent(𝑖𝑑, 𝑎𝑝𝑝), 𝑠) fluent to eval-
uate to true before performing a validity check on the application.6 
This step involves the pair of actions check_validity_start(𝑖𝑑, 𝑎𝑝𝑝) and 
check_validity_end(𝑖𝑑, 𝑟𝑒𝑠𝑢𝑙𝑡), where 𝑟𝑒𝑠𝑢𝑙𝑡 is a boolean indicating if the 
documents in the application are considered valid. This 𝑟𝑒𝑠𝑢𝑙𝑡 defines 
the value of the relational fluent 𝐷𝑜𝑐𝑢𝑚𝑒𝑛𝑡𝑠_𝑜𝑘(𝑖𝑑, 𝑠), which governs 
a conditional statement in the program. In this exclusive gateway, if 
the documents are valid, the company organizes the application for 
further processing through the appropriate actions in the program. 
Conversely, if the documents are invalid, the company rejects the 
application, creating a letter of refusal data object with the pair of 
primitive and exogenous actions produce_letter_of_refusal_start(𝑖𝑑) and 
produce_letter_of_refusal_end(𝑖𝑑, 𝑙𝑒𝑡𝑡), and sending it to the applicant 
through letter_of_refusal_sent(𝑖𝑑, 𝑙𝑒𝑡𝑡). The process then concludes for 
the company with application_analysed(𝑖𝑑) and for the applicant with 
application_finalised(𝑖𝑑), which sets 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) to false, signaling the 
end of this process instance. Instead, if the documents are valid, 
the company organizes them and performs parallel tasks, such as 
assigning a contact partner to the applicant and verifying the candi-
date’s prerequisites. This parallelism is modeled using the ConGolog
concurrency operator. Subsequently, the application is evaluated to 
determine whether the applicant qualifies for an interview. This assess-
ment is carried out using a conditional statement and the relational 
fluent 𝐼𝑛𝑡𝑒𝑟𝑣𝑖𝑒𝑤(𝑖𝑑, 𝑠), whose value is determined by the exogenous 

5 Case Study Implementation: https://github.com/angelo-casciani/
sitcalc4bpmn/tree/main/pl_models/case_study.

6 Note that events in BPMN are referred in past participle tense, and we 
keep that convention in our corresponding actions.
9 
action check_application_for_interview_end(𝑖𝑑, 𝑟𝑒𝑠𝑢𝑙𝑡). The boolean param-
eter 𝑟𝑒𝑠𝑢𝑙𝑡 specifies the truth value of 𝐼𝑛𝑡𝑒𝑟𝑣𝑖𝑒𝑤(𝑖𝑑, 𝑠) governing the 
exclusive gateway. If the candidate qualifies for an interview, the 
process advances to planning and conducting the interview, using the 
corresponding actions in the program. If not, the application is rejected 
as before. During the interview, the company evaluates the applicant’s 
suitability for the final job offer. A positive outcome transitions the pro-
cess to the approval phase, where the 𝐽𝑜𝑏_𝑜𝑓𝑓𝑒𝑟(𝑖𝑑, 𝑠) fluent governing 
the gateway is evaluated as true. On the other hand, a negative outcome 
redirects the flow to the application’s rejection. Following the necessary 
approvals, the company validates the job offer by confirming its details 
before initiating contract production. These tasks follow the standard 
translation, involving a primitive action to start them and an exogenous 
action to complete them. Once the job offer is confirmed after the exclu-
sive gateway ruled by the 𝐴𝑝𝑝𝑟𝑜𝑣𝑎𝑙(𝑖𝑑, 𝑠) fluent, the company produces 
the contract and sends it to the applicant (contract_sent(𝑖𝑑, 𝑐𝑜𝑛)). The 
applicant then signs and returns the signed contract, which is archived 
by the company through store_signed_contract_start(𝑖𝑑, 𝑠𝑖𝑔𝑛_𝑐𝑜𝑛) and 
store_signed_contract_end(𝑖𝑑). In the meantime, the applicant communi-
cates the recruitment to his employment office through the primitive 
and exogenous actions communicate_recruitment_start(𝑖𝑑) and
communicate_recruitment_end(𝑖𝑑). At this point, the process concludes, 
with 𝐴𝑐𝑡𝑖𝑣𝑒(𝑖𝑑, 𝑠) set to false to indicate the instance completion.

Additionally, the applicant may choose to withdraw their appli-
cation at any point. This is modeled using the guarded execution 
construct, which exits the main program upon the completion of the 
exogenous action withdrawal_by_applicant(𝑖𝑑) for the relevant process 
instance. The rest of the global exception handling is modeled in the 
standard manner, utilizing a combination of primitive and exogenous 
actions to confirm and send the withdrawal request. Subsequently, the 
company processes the withdrawal and terminates the overall process.

In the program, the pools are represented as servers executed con-
currently by the overarching controller procedure,
𝑐𝑜𝑛𝑡𝑟𝑜𝑙(𝑏𝑝𝑚𝑛_𝑝𝑟𝑜𝑐𝑒𝑠𝑠). The execution is prioritized over the busy wait 
state. Each server procedure consists of a concurrent iteration, where it 
acquires the 𝑖𝑑 of the request to process, along with the pool currently 
awaiting processing (indicated by 𝑊 𝑎𝑖𝑡𝑖𝑛𝑔(𝑖𝑑, 𝑝𝑜𝑜𝑙_𝑛𝑎𝑚𝑒, 𝑠)). This acqui-
sition is performed through the primitive action acquire(𝑖𝑑, 𝑝𝑜𝑜𝑙_𝑛𝑎𝑚𝑒). 
Once a request is acquired, the server executes the corresponding pro-
cedure (e.g., 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑛𝑡_𝑝𝑟𝑜𝑐𝑒𝑑𝑢𝑟𝑒(𝑖𝑑)) within a guarded execution, which 
is governed by a condition to monitor exceptions such as verifying 
¬𝐷𝑜𝑛𝑒(withdrawal_sent(𝑖𝑑), 𝑠) for the applicant.

6. Exploiting our semantics for reasoning

Our BPMN formal semantics, by mapping process models to a Con-
Golog program operating on a situation calculus basic action theory, can 
support a wide range of analyses. These range from foundational logical 
queries inherent to the situation calculus itself to advanced semantical 
process analysis tasks. Our goal is to enable the use of existing and 
future reasoning techniques off-the-shelf on BPMN models, leveraging 
our framework’s coverage of a substantial subset of the BPMN standard.

While standard BPMN analysis tools typically support syntactic 
checks (e.g., graph-based soundness), they lack the expressiveness to 
perform this kind of rich, data-aware semantic reasoning.

The situation calculus provides two foundational reasoning tasks: 
the projection task determines the truth value of fluents after the ex-
ecution of a given sequence of actions, and the legality task finds if 
a given sequence of actions is executable [7]. Beyond these funda-
mental queries, our framework supports more complex, process-centric 
analyses that often build upon them, namely conformance checking [8] 
and property verification. These tasks can be implemented and executed 
using the existing IndiGolog interpreter. We now illustrate the use of 
our semantics for reasoning through four practical examples, using the 
situation calculus and ConGolog encoding presented in Section 5 (and 
fully reported in the Appendix) as the underlying knowledge base 𝐾𝐵.

https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/pl_models/case_study
https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/pl_models/case_study
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Fig. 3. Screenshots showing projection (top) and legality (bottom) tasks.
6.1. Projection

The projection task involves determining the truth value of fluents 
after a given sequence of actions is executed.

Definition 6.1 (Projection Task). Suppose that 𝑅(𝑠) is a formula with a 
free situation variable 𝑠. To verify if 𝑅(𝑠) would be true after performing 
(𝑎1,… , 𝑎𝑛) in the initial situation, we determine whether or not
𝐾𝐵 ⊧ 𝑅(do(𝑎𝑛, do(𝑎𝑛−1,… , do(𝑎1, 𝑆0)… )))

In the BPMN context, this directly translates to a ‘‘what-if’’ analysis
with which we can formally ask if predicates representing specific data 
objects or conditions ruling exclusive gateways have their expected 
values after a particular path in the process is executed.

?- eval(application(1),[prepare_application(end,1),
     prepare_application(start,1),acquire(1,applicant),
     job_needed(1)],true).

This query asks whether the relational fluent application(1) holds 
after the given sequence of actions (in reversed order according to the 
𝑑𝑜(𝑎, 𝑠) definition), verifying that an application data object for process 
instance 𝑖𝑑 = 1 was created. The result, reported in the top image of 
Fig.  3, confirms that the application data object for the instance 𝑖𝑑 = 1
was correctly initialized.

6.2. Legality

The legality task checks if a given sequence of actions is executable, 
i.e., whether all action preconditions (𝑃𝑜𝑠𝑠 action precondition axioms) 
are satisfied at each step.

Definition 6.2 (Legality Task). To find out if the sequence (𝑎1,… , 𝑎𝑛)
can be legally performed in the initial situation, we determine whether 
or not
𝐾𝐵 ⊧ Poss(𝑎𝑖, do(𝑎𝑖−1,… , do(𝑎1, 𝑆0)… ))

for every 𝑖 such that 1 ≤ 𝑖 ≤ 𝑛.

For BPMN, this allows for detecting unreachable tasks by checking 
if a seemingly valid control flow is actually illegal due to actions’ 
preconditions not being met.

?- indigolog([job_needed(1),acquire(1,applicant),
     prepare_application(start,1),prepare_application(end,1)]).

The above command thus verifies whether the above sequence of 
activities, also considered for the projection task, is executable from the
applicant perspective. The result, reported in the bottom image of Fig. 
3, confirms that the action sequence is indeed executable as expected.

6.3. Conformance checking

One fundamental reasoning capability is conformance checking : de-
termining whether a given execution trace (i.e., a history in ConGolog) 
is compliant with the BPMN process model. This can be done by 
instructing the IndiGolog interpreter to attempt to execute the history 
10 
using the process model. If the trace cannot be reproduced, it indicates 
a deviation from the modeled process. Note that the trace need not be 
complete, and partial traces can be checked for compliance. Moreover, 
by performing incremental checks, one can identify the longest prefix 
of the trace that is compatible with the model and, therefore, find the 
action where conformance fails.

Fig.  4 shows a positive and negative conformance check of partial 
traces in our job application case study that reach the interview step in 
the company pool. The query: 

?- H1 = [...], proc(sim(bpmn_process), E),
     trans_star(E, [], _, H1))).

asks whether program bpmn_process representing the process 
in Fig.  2, together with the simulation of exogenous actions, may 
eventually evolve to produce the fixed history H1.

The only difference between the first trace H1 and the second trace
H2 is in the validity check for the application (driving the flow in 
the exclusive gateway ‘‘Documents OK?’’ in Fig.  2). While the check 
passes in history H1 (action check_validity(end, 1, true)), 
it fails in history H2 (action check_validity(end, 1, false)). 
From the original process in Fig.  2, it is clear that the second trace
H2 is not compliant : an application should not be processed further 
if documents are not correct. Note that both checks take at most one 
second.

6.4. Properties verification

Another reasoning task that one may be interested in when rea-
soning about BPMN processes is whether a certain condition may 
arise in some legal execution of a process. In our case study, one 
may want to check whether a contract could end up signed, with the 
application then being withdrawn, preventing it from being finalized. 
Thus, highlighting a potential flaw in the process design. This amounts 
to checking whether there is an execution of the following ConGolog
program (where 𝛿 is the job application business process) that we shall 
call property_verification:
(𝛿 ∥ (𝜋𝑎.𝐸𝑥𝑜𝑔(𝑎); 𝑎)∗);
?(∃𝑖𝑑.𝑆𝑖𝑔𝑛𝑒𝑑_𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡(𝑖𝑑, 𝑠) ∧

¬(𝐷𝑜𝑛𝑒(application_finalised(𝑖𝑑), 𝑠))).
The execution of this program, shown in the third screenshot of Fig. 

4, returns a positive result: such a situation may arise. In Fig.  4 (bottom 
screenshot), the query:

?- do(property_verification, [], H).

aims to find a complete terminating execution history of the pro-
gram (from the empty history []) which is returned in (unified with) 
variable H.

This verification task highlights a scenario that is difficult to verify 
with traditional modeling approaches, as it calls for the interplay be-
tween data availability, concurrency, and asynchronous interrupts. In-
deed, in our case study, the application withdrawal is a global exception 
that can occur concurrently with the company pool’s execution.

When found, the witness history execution H identifies a ‘‘race 
condition’’ between the signing of the contract and the withdrawal 
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Fig. 4. Screenshots showing two reasoning tasks: conformance checking (top) and property verification (bottom). Note that all queries take at most 1 s.
Fig. 5. The overall architecture of the translation and reasoning tool.
process. Standard verification often misses this or requires an ex-
tensive state-space expansion that becomes infeasible. The IndiGolog
reasoner instead detects it by finding a legal execution trace where
Signed_contract(id,s) holds, yet the process was legally interrupted by 
the withdrawal. This proves that the process model design is unsafe as it 
allows the company to commit to a contract even after the applicant has 
withdrawn the application, suggesting the need for a restriction of the 
withdrawal procedure to occur before the contract is signed to prevent 
unintended or inconsistent process states.

7. Tool support for translation and reasoning

To bridge the gap between our theoretical formalization and practi-
cal process analysis, we have developed a software tool7 that automates 
the entire workflow, from BPMN translation in IndiGolog to reasoning 
over the generated formalization. The tool makes our encoding accessi-
ble also to users who may not be experts in KR&R, lowering the barrier 
to entry for applying formal semantic analysis and reasoning to BPMN 
processes.

As shown in the architecture detailed in Fig.  5, the tool is composed 
of three major stages: BPMN-to-IndiGolog Translation, Reasoning, and
Interaction.

BPMN-to-IndiGolog translation. In this first stage, the user provides the 
BPMN process model as input to a BPMN parser component, which 
is in charge of extracting all the BPMN constructs relevant for the 
subsequent encoding, i.e., all the components represented in Table  2.

7 GitHub repository of the tool: https://github.com/angelo-casciani/
sitcalc4bpmn.
11 
In particular, the BPMN Parser first reads the XML file and trans-
lates its structure into internal data structures. These intermediate 
data structures are then passed to the BPMN-to-IndiGolog Encoder to 
automatically generate the corresponding IndiGolog encoding according 
to the formalization introduced in Section 4. This encoding contains 
both the situation calculus basic action theory (defining actions, fluents, 
successor state axioms 𝑠𝑠, action precondition axioms 𝑝𝑜𝑠𝑠, and initial 
situation 𝑆0

) and the high-level ConGolog program.

Reasoning. The encoding output from the previous stage is then lever-
aged by a Reasoner that is built upon the IndiGolog interpreter and 
allows for invoking reasoning tasks on this encoding programmatically. 
A user can submit reasoning queries based on the tasks discussed in Sec-
tion 6. The Reasoner passes these queries to the IndiGolog interpreter, 
which executes them against the generated encoding of the process 
model.

Hence, users can run queries for:

• projection, to evaluate the truth value of a fluent after a sequence 
of actions.

• legality, to validate the executability of a specific execution path.
• conformance checking, to check a given trace against the model.
• property verification, to look for executions that satisfy or violate 
a given property.

Moreover, this reasoner also enables the online execution of the 
encoded process, leveraging the IndiGolog Tkinter interface to issue ex-
ogenous events and carry out the execution by allowing the evaluation 
of each decision point.

https://github.com/angelo-casciani/sitcalc4bpmn
https://github.com/angelo-casciani/sitcalc4bpmn
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Interaction. To respond to different user workflows and expertise lev-
els, the tool provides two interfaces for interaction: a Command-Line 
Interface (CLI) and a Graphical User Interface (GUI).

The CLI is designed to make the translation and reasoning function-
alities available programmatically. This is particularly useful for the 
integration of this tool and encoding in larger ABPMS architectures to 
support their reasoning stage.

On the other hand, the Web-based GUI provides a user-friendly, 
interactive environment where the user can translate and reason over 
process models in an accessible manner. Moreover, it allows for per-
forming reasoning tasks using a simplified and more intuitive syntax, 
handles the interaction with the underlying Prolog engine, and presents 
the results back to the user in an accessible format.

Fig.  6 shows two screenshots taken from the GUI.
The GUI provides four different tabs:

• In the ‘‘Translation’’ tab, the user can directly upload their BPMN 
process model and translate it to IndiGolog. Moreover, they can 
also visualize the uploaded BPMN and inspect the generated
IndiGolog encoding in Prolog, as shown in the top image of Fig. 
6.

• The ‘‘Load Existing Model’’ tab allows the user to access and reload 
previously translated models.

• The ‘‘Reasoning Tasks’’ tab executes reasoning over the generated 
encoding of the BPMN process model. It allows for the selection of 
the reasoning task to perform and the input parameters based on 
the selected task in a simplified syntax, and also the visualization 
of the results. Fig.  6 (bottom) shows the results of an online 
execution for the job application process model considered in our 
case study.

• There is also a ‘‘Quick Guide’’ tab to provide an easy overview 
for the user on how to use the UI and instruct them on how to 
leverage the various reasoning tasks for process analysis.

We implemented the tool in Python using the libraries Gradio8 for 
the GUI and PM4Py9 for the visualization and parsing of the BPMN 
process model. For the reasoner, we used the IndiGolog interpreter10 
implemented in Prolog.

8. Experimental evaluation

This section discusses the experiments conducted to evaluate the 
correctness and performance of the translation and of the reasoning 
tasks performed using the encoding introduced in Section 4 and the 
software for the automated translation and for the execution of the 
reasoning tasks detailed in Section 7. To this end, in the following 
subsections, we describe the process models used for the tests, the 
experimental setup, and the results.

8.1. Datasets

Our evaluation is performed on two distinct datasets to test different 
aspects of our formalization and reasoning tasks.

The first dataset is the one introduced in [32,33]. It provides a 
collection of 24 textual process descriptions in different granularities, 
each associated with BPMN models that represent possible modeling 
solutions for the associated description (from 8 to 11 models per de-
scription). Each BPMN model is assigned a score from 0 to 5, reflecting 
a human expert’s assessment of the solution’s quality. We refer to this 
as the ‘‘Textual BPMN ’’ dataset.

8 Gradio Web page: https://www.gradio.app/.
9 PM4Py documentation: https://processintelligence.solutions/static/api/2.

7.17/index.html.
10 IndiGolog repository: https://github.com/ai-krml-uoft/indolog.
12 
We pre-processed this archive to select only the models reporting 
the maximum score (i.e., a score of 5), resulting in a final dataset of 89 
BPMN models.11

The BPMN models in this collection are characterized by complex 
control-flow structures, making them ideal for evaluating the legality
and conformance tasks. Thus, to create a benchmark for these reasoning 
tasks, we performed the playout of each model, generating a set of 
ordered sequences of executed activities and events that constitute 
valid execution traces. We generated 8 traces per model: 4 for legality 
and 4 for conformance. Specifically, for the legality task, 2 traces are 
legal and 2 are not; the same distribution applies to the conformance 
checking samples. The illegal or non-conformant traces were obtained 
by randomly swapping one (or more) pairs of activities within a valid 
trace. This process resulted in an automatically generated dataset of 
712 samples.12 The composition of a sample follows the structure 
⟨𝑠𝑎𝑚𝑝𝑙𝑒_𝑖𝑑, 𝑚𝑜𝑑𝑒𝑙_𝑛𝑎𝑚𝑒, 𝑡𝑎𝑠𝑘_𝑡𝑦𝑝𝑒, 𝑎𝑐𝑡𝑖𝑜𝑛𝑠, 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑_𝑟𝑒𝑠𝑢𝑙𝑡⟩, where:

• 𝑠𝑎𝑚𝑝𝑙𝑒_𝑖𝑑 reports the sample identifier within the dataset;
• 𝑚𝑜𝑑𝑒𝑙_𝑛𝑎𝑚𝑒 identifies the BPMN model selected for this evalua-
tion;

• 𝑡𝑎𝑠𝑘_𝑡𝑦𝑝𝑒 specifies the task (legality or conformance checking);
• 𝑎𝑐𝑡𝑖𝑜𝑛𝑠 reports the sequence of actions to consider for the reason-
ing task;

• 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑_𝑟𝑒𝑠𝑢𝑙𝑡 reports the expected boolean outcome of the task 
for this sequence.

On the other hand, for the evaluation of projection and property 
verification, we gathered a collection of 10 BPMN models from model-
ing exercises in the BPM Master’s course held at Sapienza University 
of Rome.13 A key feature of this dataset is the detailed inclusion of 
data objects and data-flow, making it the designated benchmark for 
evaluating the data-centric projection and property verification tasks. We 
refer to this as the ‘‘Exams BPMN ’’ dataset.

For this collection, we manually performed a semantic analysis of 
each model to derive a dataset of 40 samples.14 For projection, we 
defined fluents related to data objects to check if a sequence makes 
them true or false. For property verification, we defined relevant prop-
erties involving both control flow and data objects to test against the 
entire process model. The composition of a sample in this case follows 
the structure ⟨𝑠𝑎𝑚𝑝𝑙𝑒_𝑖𝑑, 𝑚𝑜𝑑𝑒𝑙_𝑛𝑎𝑚𝑒, 𝑎𝑐𝑡𝑖𝑜𝑛𝑠, 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦, 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑_𝑟𝑒𝑠𝑢𝑙𝑡⟩, 
where:

• 𝑠𝑎𝑚𝑝𝑙𝑒_𝑖𝑑 reports the sample identifier within the dataset;
• 𝑚𝑜𝑑𝑒𝑙_𝑛𝑎𝑚𝑒 identifies the BPMN model selected for this evalua-
tion;

• 𝑎𝑐𝑡𝑖𝑜𝑛𝑠 reports the sequence of actions to consider for the reason-
ing task;

• 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 is either the fluent related to a data object (for projection) 
or a composed property (a conjunction of control flow and data 
object conditions) to check via verification;

• 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑_𝑟𝑒𝑠𝑢𝑙𝑡 reports the expected boolean outcome of the task.

As a preliminary step, we pre-computed a set of structural metrics 
for all models in both datasets, as detailed in our evaluation frame-
work. These metrics include the count of tasks, exclusive gateways, 

11 The resulting collection of BPMN process models obtained from the 
Textual BPMN dataset is available at: https://github.com/angelo-casciani/
sitcalc4bpmn/tree/main/bpmn/dataset/processed.
12 The generated samples for legality and conformance checking are 
available at: https://github.com/angelo-casciani/sitcalc4bpmn/blob/main/
evaluation/datasets/samples_leg_conf.csv.
13 We make the dataset available at: https://github.com/angelo-casciani/
sitcalc4bpmn/tree/main/bpmn/exams-bpmn.
14 The obtained dataset is available at: https://github.com/angelo-casciani/
sitcalc4bpmn/blob/main/evaluation/datasets/samples_proj_verif.csv.

https://www.gradio.app/
https://processintelligence.solutions/static/api/2.7.17/index.html
https://processintelligence.solutions/static/api/2.7.17/index.html
https://github.com/ai-krml-uoft/indolog
https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/bpmn/dataset/processed
https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/bpmn/dataset/processed
https://github.com/angelo-casciani/sitcalc4bpmn/blob/main/evaluation/datasets/samples_leg_conf.csv
https://github.com/angelo-casciani/sitcalc4bpmn/blob/main/evaluation/datasets/samples_leg_conf.csv
https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/bpmn/exams-bpmn
https://github.com/angelo-casciani/sitcalc4bpmn/tree/main/bpmn/exams-bpmn
https://github.com/angelo-casciani/sitcalc4bpmn/blob/main/evaluation/datasets/samples_proj_verif.csv
https://github.com/angelo-casciani/sitcalc4bpmn/blob/main/evaluation/datasets/samples_proj_verif.csv
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Fig. 6. Screenshots from the GUI. The GUI translation tab (top) allows for uploading, visualizing the BPMN model, and inspecting the generated IndiGolog
encoding. The reasoning tasks tab (bottom) enables the execution of the reasoning tasks over the encoding of the BPMN process model.
Table 3
Average metrics of the BPMN process models contained in the datasets considered for evaluation.
 Dataset Pools Tasks Sub-processes XOR AND Events Data objects Total elements 
 Textual 1.0 14.1 0.0 7.4 2.7 2.8 0.5 27.5  
 Exams 2.2 12.0 1.1 4.7 1.7 19.0 8.8 47.3  
parallel gateways, events, pools, sub-processes, and data objects. Table 
3 presents the average metrics for both datasets.

This statistical characterization highlights the distinct structural 
nature of the two datasets, justifying their specific usage. As shown 
in Table  3, the Textual BPMN dataset exhibits a significantly higher 
number of gateways (averaging 7.4 exclusive and 2.7 parallel gateways 
per model) compared to the Exams BPMN dataset, while possessing a 
negligible number of data objects (0.5 per model on average) and low 
degree of process collaboration (including a single pool per model). 
This complexity in decision points without data dependencies makes 
it the optimal choice for testing control-flow tasks like legality and
conformance. Conversely, the Exams dataset is defined by a higher 
number of data objects (8.8 on average), events (19.0), and pools (2.2), 
confirming its suitability for the data-aware properties required by
projection and verification.

8.2. Experimental settings

The primary objectives of our experimental evaluation are twofold: 
first, to assess the computational feasibility and scalability of our 
automated BPMN-to-IndiGolog translation; and second, to quantify the 
13 
semantic correctness and performance of the four reasoning tasks (le-
gality, conformance, projection, and property verification).

All experiments were conducted on a Ubuntu Linux workstation 
equipped with a 14th Gen Intel Core i9-14900HX processor, 32 GB of 
DDR5-5600 MHz RAM, and an NVIDIA GeForce RTX 4090 GPU with 
16 GB of GDDR6 VRAM. Our evaluation framework, implemented in 
Python 3.10.12, interfaces with the IndiGolog interpreter (November 
2025 version) running on SWI-Prolog.15

To improve statistical reliability and mitigate performance fluctu-
ations, each translation and reasoning task was executed five times, 
and we report the averaged results. Finally, to provide a consistent 
reference for assessing scalability, we defined a complexity score for each 
process model, calculated as the sum of its total elements (i.e., tasks, 
sub-processes, gateways, events, and data objects). This metric is used 
as the 𝑥-axis in our performance evaluation charts to rank models by 
their structural size.

15 SWI-Prolog Website: https://www.swi-Prolog.org/.

https://www.swi-Prolog.org/
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BPMN-to-IndiGolog translation. This evaluation phase assesses the com-
putational feasibility and scalability of our automated translation of 
BPMN process models into the IndiGolog encoding. Its goal is to demon-
strate that the translation is efficient and that the size of the resulting 
logical theory scales manageably with the complexity of the input 
model.

We executed the translation for all models across both the Textual
and Exams BPMN datasets. To quantify performance and the complexity 
of the output, we measured:

• the translation time (in seconds);
• the number of generated action declarations, including both prim-
itive and exogenous actions;

• the number of generated fluent declarations;
• the total program size in lines of code (LOC).

We also analyzed the relationship between the time required to pro-
duce translations of the BPMN models and other metrics by computing 
the Pearson correlation coefficient [34].
Reasoning. The reasoning evaluation is designed to verify the seman-
tic correctness of our formalization and to assess its computational 
performance. This evaluation is two-fold, aligning with the distinct 
characteristics of our datasets, as described in Section 8.1:

• Control-flow evaluation: This was performed on the benchmark 
derived from the Textual BPMN dataset, focusing on the legal-
ity and conformance checking tasks. These tasks primarily stress 
the interpreter’s ability to unfold the process model’s complex 
control-flow and correctly resolve decision points.

• Data-property evaluation: This was conducted on the samples de-
fined over the models from the Exams BPMN dataset, focusing on 
the projection and property verification tasks. These tasks specif-
ically evaluate the framework’s capacity to reason about data 
objects and properties regarding both data and control-flow.

For both evaluations, we collected a comprehensive set of met-
rics. To assess semantic correctness, we formulated the evaluation as 
a binary classification problem, identifying True Positives (TP), True 
Negatives (TN), False Positives (FP), and False Negatives (FN) based on the 
alignment between the IndiGolog interpreter’s output and the ground 
truth.

Specifically, the reasoning engine returns a boolean value for all 
tasks:

• For legality and conformance checking, the system returns true
if the execution trace is legally executable or conformant to the 
model, respectively.

• For projection, the system returns true if the queried data object 
fluent holds after the considered action sequence.

• For property verification, the system returns true if the specified 
property holds for the process model.

Accordingly, a result is categorized as a TP when the reasoner 
correctly returns true for a sample expected to be true (e.g., a valid 
trace), and as a TN when it correctly returns false for a negative sample 
(e.g., a trace with swapped actions). Conversely, an FP occurs if the 
system evaluates a negative sample as true, and an FN occurs if it fails 
to validate a positive sample. Based on these definitions, we measured
accuracy, precision, recall, and F1-score.

To assess computational performance, we measured the reasoning 
time (in seconds) and the total number of logical inferences reported by 
the IndiGolog interpreter.

8.3. Evaluation results

We now present the results of our experiments, beginning with 
the analysis of the automated translation, followed by the correctness 
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Table 4
Average translation metrics for the BPMN datasets.
 Dataset Avg. time (ms) Avg. actions Avg. fluents Avg. size (LOC) 
 Textual 4.50 34.3 8.4 261.7  
 Exams 5.18 40.3 9.6 318.1  

and performance of the reasoning tasks over the previously introduced 
BPMN datasets.

8.3.1. BPMN-to-IndiGolog translation
The initial phase of our evaluation assesses the computational feasi-

bility and scalability of the automated BPMN-to-IndiGolog translation. 
We analyzed all 99 models from both datasets, measuring the transla-
tion time and the complexity of the resulting logical encoding in terms 
of generated actions, fluents, and program size (in terms of Prolog
LOC). Table  4 summarizes the average translation metrics observed 
across the two datasets.

For the Textual BPMN dataset, the translation was highly efficient. 
As reported in Table  4, the average translation time was merely 4.5 
ms, with a median of 3.86 ms and a maximum of only 11.8 ms. 
This demonstrates that the translation step is not a computational 
bottleneck, even for the articulated control-flow structures represented 
in this dataset.

More importantly, the correlation analysis based on the Pearson co-
efficient for this large dataset confirms that the translation time scales 
predictably with model complexity. We found statistically significant 
positive correlations between the translation time and the number of 
generated actions (𝑟 = +0.507, 𝑝 ≪ 0.001), fluents (𝑟 = +0.670, 𝑝 ≪
0.001), and total program size (𝑟 = +0.625, 𝑝 ≪ 0.001). This indicates 
that as models become more complex, the translation time increases in 
a predictable manner. Fig.  7 (top) plots the translation time for each of 
the 89 models, confirming the low cost of the translation process.

Similar performance was observed for the encoding of the BPMN 
models in the Exams dataset. As shown in Table  4, such encodings are 
larger on average (318.1 LOC, 40.3 actions, and 9.6 fluents) compared 
to the ones generated for the Textual dataset. This was expected given 
the wide variety in terms of BPMN elements used by the process 
models contained in such a dataset and demonstrated by Table  3. 
However, despite this increased complexity, the translation remained 
fast, averaging 5.18 ms with a maximum of 7.15 ms.

The correlation analysis on this smaller dataset (including 10 pro-
cess models) showed a statistically significant relationship between 
translation time and the total program size (𝑟 = +0.838, 𝑝 = 0.0025). 
Such a strong connection, reinforced by the data in Fig.  7 (bottom), 
confirms that the translation scales with the overall size of the gener-
ated encoding. On the other hand, the correlations between translation 
time and counts of actions and fluents were not statistically significant 
(with 𝑝 > 0.05), as expected given the small sample size.

Regarding the quality of the generated encodings, while the auto-
mated translation successfully produced output for all models, it relies 
on the input BPMN adhering to standard modeling conventions [3]. 
Specific models in the datasets deviated from these standards, for 
instance, by omitting the requirement to have an activity immediately 
preceding an exclusive gateway to determine the evaluation of its con-
dition. In these cases, the tool generated syntactically valid encodings, 
but they could not reconcile the non-standard structural patterns. As 
detailed in the next section, these translation-level discrepancies were 
the main cause of failures in reasoning tasks, rather than timeouts.

Thus, these results on both datasets collectively confirm that our 
automated BPMN-to-IndiGolog translation is computationally feasible, 
adding only a negligible overhead.
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Fig. 7. BPMN to IndiGolog translation time (in ms) for BPMN model complexity (in terms of total number of elements) in the Textual (top) and Exams (bottom) 
datasets.
8.3.2. Reasoning
The second step of the evaluation focused on the semantic correct-

ness and computational performance of the reasoning tasks. We discuss 
the results separately for the two evaluation settings.

Control-flow evaluation. Table  5 summarizes the results for the Textual
BPMN dataset. Our tool demonstrated robust performance in reasoning 
tasks over processes characterized by intricate control-flow structures 
(including a high number of exclusive and parallel gateways).

The legality task achieved an aggregate accuracy of 91.1% with a 
negligible average reasoning time of 26  ms. The conformance checking
also performed well, with a high precision. However, it exhibited a 
slightly lower recall and a significantly higher logical inference count 
compared to the legality task. This increase is attributable to the search 
required to compare the evaluation trace against the valid execution 
paths possible according to the process model.

It is important to highlight that the IndiGolog reasoner functioned 
correctly in all cases, and no timeouts were reached during this evalu-
ation. The observed incorrect results that are preventing perfect scores 
for all metrics are attributable to specific BPMN models in the dataset 
that do not fully adhere to the standard modeling conventions assumed 
by our automated translation [3]. These deviations resulted in gener-
ated encodings that could not reconcile certain non-standard structural 
patterns with our formalization, rather than indicating failures in the 
reasoning engine itself.
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Fig.  8 presents a comprehensive view of the reasoner’s behavior 
across the 89 process models. The accuracy chart (top) reveals that, 
for the majority of models, the reasoner achieves perfect accuracy. The 
drops usually correlate across both tasks, suggesting that specific struc-
tural ambiguities within those process models posed shared challenges 
for both legality and conformance checking.

The reasoning time (middle) and inferences (bottom) plots instead 
provide insight into the computational cost for these tasks. The legality
task (i.e., the orange line in the chart) remains flat across both metrics, 
confirming that checking the preconditions of a single execution trace 
is a constant-time operation with respect to the model size. In contrast, 
the conformance checking (i.e., the blue line) exhibits significant vari-
ance, with spikes that align both in the measured reasoning time and 
number of inferences for specific processes. This correlation confirms 
that the increased time is not due to translation overhead, but rather 
to the explosion of the search space: when validating a trace against 
a model with high concurrency (e.g., multiple parallel gateways), the
IndiGolog interpreter must explore a factorial number of valid action 
interleavings. Despite these peaks, our reasoner handles the complexity 
well, maintaining an acceptable reasoning time for the majority of 
cases.

Data-property evaluation. Table  6 presents the results for the Exams 
BPMN dataset, selected for its wide usage of data objects and collabo-
rations. These experiments reveal the impact of data-aware reasoning 
on both correctness and computational cost.
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Table 5
Average performance results for the control-flow evaluation on the Textual BPMN dataset. The reasoning time is reported in
seconds.
 Task Evaluated samples Timeout Accuracy Precision Recall F1-score Avg. time Avg. inferences 
 Legality 384/384 0/384 91.1% 92.0% 90.1% 91.1% 0.026 114,954  
 Conformance 384/384 0/384 88.3% 97.4% 78.6% 87.0% 0.050 662,876  
Table 6
Average performance results for the data-property evaluation on the Exams BPMN dataset. The reasoning time is reported in
seconds.
 Task Completed samples Timeout Accuracy Precision Recall F1-score Avg. time Avg. inferences 
 Projection 20/20 0/20 100.0% 100.0% 100.0% 100.0% 0.001 2488  
 Verification 17/20 3/20 94.1% 100.0% 85.7% 92.3% 1.002 16,247,482  
Fig. 8. Performance analysis of legality task and conformance checking on 
the Textual BPMN dataset: accuracy percentage (top), reasoning time in ms 
(center), and number of logical inferences (bottom) with respect to the BPMN 
model complexity.  (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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The projection task proved to be computationally trivial. As shown 
in Table  6, it required an average of just 1 ms and only 2488 inferences 
per sample, while achieving perfect scores across all metrics. This 
confirms that determining the value of a fluent after a fixed historical 
sequence is a highly efficient and sound operation, scaling linearly 
regardless of the underlying data model’s complexity.

Conversely, the property verification exhibited a higher computa-
tional cost, with an average reasoning time of ∼1 s and over ∼16
million inferences per sample. This increase is directly attributable to 
the nature of the Exams dataset. Unlike projection, verification requires 
the reasoner to explore the state space of all possible process executions 
to validate the data-aware properties.

Fig.  9 offers a granular view of the performance across the models. 
The accuracy plot (top) highlights that the projection (i.e., the blue 
line) is always correct and stable. In contrast, the property verification 
(i.e., the orange line) reports failures for three out of ten process 
models.

The reasoning time (middle) and inferences count (bottom) charts 
reveal the causes of these failures. Considering that we imposed a 30-
second timeout for all reasoning tasks, as indicated by the red crosses 
in the charts, the reasoner timed out for process models 3 (once) and 9 
(twice) in the property verification. In particular, they represent the 
most computationally intensive scenarios in the considered dataset. 
Process model 3, which represents the interaction between a work 
seeker and a hiring company, features extensive concurrency with 
multiple parallel gateways (each with three branches), loops, a global 
exception, and repeated message exchanges between two pools. All 
these factors contribute to significantly increasing the complexity of 
reasoning. On the other hand, model 9 depicts an order-to-cash process 
involving a customer and a bike producer, featuring parallel manufac-
turing branches with event-driven sub-processes for automated order 
cancellation following a payment timeout. In these specific cases, the 
reasoner must explore a factorial number of valid action interleavings 
to verify the property, resulting in a combinatorial explosion of the 
state space that prevented it from reporting a result within the imposed 
time limit. Only one actual logical error occurred: for the BPMN model 
6, the reasoner returned an incorrect result (we can indeed observe 
an accuracy drop in the corresponding plot). This suggests a complex 
case where the property verification was completed but yielded a false 
negative due to specific data-flow translation issues, always related to 
a process model that is not fully conformant to the standard modeling 
conventions assumed in our work [3]. Conversely, for the remaining 
models, the system effectively verified properties with manageable 
computational effort.

9. Discussion and threats to validity

In this section, we discuss the implications of our findings in rela-
tion to the RQs that guided the paper, while also acknowledging the 
limitations of the proposed encoding.
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Fig. 9. Performance analysis of projection and property verification tasks on 
the Exams BPMN dataset: accuracy percentage (top), reasoning time in ms 
(center), and number of logical inferences (bottom) with respect to the BPMN 
model complexity. Points marked with a red cross (×) indicate timeouts (in 
this case 30 s).  (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

Our objective is to provide a rigorous formalization of BPMN se-
mantics for enabling formal reasoning on business process models. 
Regarding RQ1, our work demonstrates that KR&R languages, and in 
particular the situation calculus and ConGolog, provide a robust foun-
dation for capturing BPMN semantics, directly encoding major BPMN 
patterns. Notably, the introduction of the guarded execution construct 
in ConGolog enables the modeling of global exceptions through the 
formalization of event-based subprocesses in a modular way, preserving 
the integrity of the main process flow while supporting native handling 
of interrupts.

In response to RQ2, the experimental results in Section 8 confirm 
that our formalization generally enables a multi-perspective semantic 
analysis in an efficient and tractable way. Our semantics supports 
data-centric tasks such as projection and property verification that are 
inherently out of reach for purely structural BPM analysis tools. Addi-
tionally, the reasoning over the case study in Section 6 demonstrates the 
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ability of our encoding to support the detection of semantic errors typi-
cally overlooked in standard BPM systems, such as the ‘‘race condition’’ 
between contract signing and application withdrawal.

Despite these promising outcomes, there remains room for improve-
ment, as our framework is subject to limitations regarding expressive-
ness, scalability, and generalizability.

While our encoding covers a significant subset of the BPMN 2.0 
standard, it is not exhaustive. The current semantics does not explicitly 
render the inclusive (OR) gateway, and more fine-grained organizational 
constructs like lanes (representing sub-entities like departments). Other 
specific BPMN events and behaviors not covered include timers (cur-
rently simulated as standard tasks), escalation and cancellation events,
compensation handling, signal events broadcasting across processes, and
conversation diagrams. It is worth noting that while some constructs, 
such as timers, cannot be natively captured due to the discrete nature of 
the situation calculus (requiring its temporal extension [35]), others are 
straightforward to encode. For instance, signal events can be considered 
as a mere syntactic extensions, functioning as one-to-many message 
exchanges.

A threat to validity lies in the composition of high-level programs 
presented in Table  2, which relies on standard conditional and loop 
blocks, implying that our semantics is mainly applicable to well-
structured BPMN models. Unstructured models with arbitrary sequence 
flows (e.g., a gateway followed by another without a decision task 
to define the branch condition) cannot be directly encoded with this 
framework without further manipulation. This consideration aligns 
with the translation issues observed in our evaluation (e.g., for model 
6 of the Exam BPMN dataset), where deviations from the assumed 
modeling conventions [3] led to logical errors in reasoning.

From a computational perspective, while the translation phase is 
highly efficient and scales linearly, reasoning, and specifically property 
verification, is sensitive to state-space explosion. We explicitly acknowl-
edge that while our framework scales well for standard processes, 
models with massive parallelism remain a computational bottleneck, as 
the factorial growth of interleavings to consider in highly concurrent 
models can lead to timeouts.

Finally, another aspect worth discussing regards whether the for-
malization in Table  2 could generate behaviors outside the scope of 
BPMN. Our encoding is defined inductively: the encoder takes a valid 
BPMN pattern and translates it into a specific situation calculus the-
ory and ConGolog program fragment. Since the translation is dictated 
by the syntactic mapping in Table  2 and applying it only to well-
formed BPMN patterns, it is structurally impossible for the encoding 
to synthesize something that does not correspond to the input BPMN 
model. However, the converse is not true: the expressive power of
ConGolog (e.g., allowing for arbitrary non-deterministic iteration and 
more complex concurrent behaviors) exceeds that of standard BPMN. 
This distinction defines the boundaries of our semantics, as we use the 
situation calculus and ConGolog to represent the BPMN logic, rather 
than to generate process models outside the standard.

10. Conclusion

Within the BPM field, it is widely recognized that a robust formal 
framework for BPMN modeling is necessary to assist in stating and 
verifying the process properties. To this end, in this paper, we offer 
a formal semantics for a significant subset of BPMN using situation 
calculus and ConGolog. Unlike previous works, our encoding specifies 
the semantics of relevant BPMN fragments concerning the management 
of data flow, the handling of multi-party collaborations, and exception 
handlers.

Using well-established KR&R languages has allowed us to establish a 
formal framework for specifying BPMN models that supports advanced 
reasoning techniques to perform semantics analysis. For example, by 
encoding the BPMN logic as a high-level program with ConGolog, 
we can simulate the process execution before its concrete enactment, 
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ensuring it behaves as expected. Moreover, we can explore alternative 
process execution paths by simulating the execution of different se-
quences of actions, helping identify the best paths for achieving the 
process goals. Then, by relying on the legality task of situation calculus, 
we can detect and resolve unreachable tasks or deadlocks, and exploit-
ing the projection task enables us to investigate if certain data objects 
will be associated with their expected values given a specific sequence 
of activities. Moreover, we showed that our framework allows for 
the performance of more advanced reasoning tasks like conformance 
checking and property verification, going beyond what is typically 
available in standard BPMN tools, which are mostly limited to syntactic 
validation and structural soundness checks.

To bridge the gap from theory to practice, this work’s contributions 
extend beyond the formalization itself. In Section 7, we introduced a 
software architecture that automates the translation from BPMN models 
into our executable IndiGolog encoding, making our framework’s rea-
soning capabilities accessible. Furthermore, we provided an extensive 
experimental evaluation using two datasets, containing BPMN mod-
els with complementary features, demonstrating the feasibility of the 
approach. Indeed, the results show that the automated translation is 
highly efficient (adding only negligible overhead in the order of ms) 
and the reasoning tasks execution delivers robust results from both 
the control- and data-flow perspectives. This confirms that our overall 
approach can serve as a practical and scalable foundation for the 
reasoning layer in next-generation ABPMSs.

Future work will tackle the limitations discussed in the previous 
section to enhance the framework’s expressiveness and applicability. 
First, regarding coverage, we plan to extend the basic action theory 
and high-level program to support inclusive gateways and organizational
lanes, as well as a broader range of event types (e.g., signals). Second, 
to tackle the scalability issues observed in highly concurrent models, 
we aim to investigate optimization techniques for the reasoner to miti-
gate state-space explosion in the property verification. Finally, another 
avenue for research will address the reliance on strict modeling conven-
tions by extending the encoding to support less structured models that 
do not rigorously follow them, enhancing the framework’s real-world 
applicability.
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