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Requirement changes Context: Ensuring the compliance of business processes with a set of requirements stemming from, for

example, laws or regulations, is crucial for companies. When these requirements change, process compliance
may be violated, resulting in either non-compliance, where updated requirements are no longer satisfied, or
over-compliance, where processes adhere to stricter requirements than necessary. In both cases, this can result
in financial or even reputational loss.

Objective: This work provides an automated hybrid approach combining LLM-based and algorithmic steps for
continuously analyzing the impact of regulatory requirement changes on business process compliance providing
traceability through delta analysis and explanations on compliance deviations.

Method: To address this objective, we present the modular Requirements Change for Process Compliance
(RC4PC) approach consisting of three steps. First, we provide a definition of regulatory requirements based
on deontic logic allowing to formally represent requirements written in natural language. Second, we extract
atomic change operations capturing the differences between an original and a modified requirement. Lastly,
we assess the impact of changes on compliance of a process model and provide explanations for compliance
deviations. RC4PC concepts are implemented using a combination of LLM-based and algorithmic steps. Change
deltas plus explanations provided by the LLM can be taken as input for mitigation actions in case of compliance
deviations and contribute to continuous compliance monitoring.

Results: RC4PC is evaluated on three datasets from different domains and in comparison with existing
baselines and existing approaches. The results show promising results for each of the steps. Occasional drops
in precision, due to inconsistent representations and redundancy, indicate the need for normalization and
improved handling of related changes.

Conclusions: RC4PC provides modular and transparent Gen-Al supported approach for analyzing how regu-
latory requirement changes affect business process compliance. It is domain-independent and can be equipped
with existing techniques such as model-checking.

Business process compliance
Requirement formalization
Compliance deviation

1. Introduction paper to refer specifically to regulatory requirements which correspond

to compliance requirements in this work.

Business processes are subject to regulatory requirements that are
often complex and frequently changing. Such requirements typically
originate from diverse sources and are usually articulated in natural
language, including legislative texts and regulatory documents [1]. To
verify whether a process complies with prescribed requirements, these
must be interpreted, formalized, and checked against process models or
logs at design and/or runtime [2]. This work focuses on process model
compliance at design time. The term requirement is used throughout this

Most existing compliance verification frameworks, however, do not
address the challenge posed by evolving requirements [3,4]. In prac-
tice, regulatory change is common and can significantly affect oper-
ational processes. During the COVID-19 pandemic, for example, reg-
ulations such as mandatory vaccination checks before boarding an
airplane were introduced and later rescinded. If process models still
enforce a removed vaccination check, this leads to over-compliance,
exceeding current requirements [5,6]. Potentially even more severe are
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regulatory changes resulting in non-compliance of processes [7], e.g., if
an additional “check” is required, but not yet foreseen in the process
model. In practice, regulatory requirement changes are often monitored
in a manual way, even on a daily basis, and hence create effort and can
be error-prone. To address this challenge, this work is guided by the
following research questions:

RQ1: How can changes between compliance requirements be repre-
sented to support design-time compliance verification and analysis?
RQ2: How can changes between two versions of compliance require-
ments be automatically identified?

RQ3: How can the identified changes in compliance requirements be
used for design-time compliance verification and analysis?

To answer these questions and fill the gap in supporting the man-
agement of process compliance in practice, this work introduces the Re-
quirements Change for Process Compliance (RC4PC) approach, a design-
time analysis approach for identifying changes in a set of requirements
and assessing their impact on process compliance. RC4PC aims to detect
and explain these compliance deviations. One assumption is that the
process model is compliant with the set of requirements at a certain
point in time due to the following reasons. (i) Assume that a process
model is not compliant before requirement changes. Then it might
become (partially) compliant as consequence of the change. This is an
important aspect, but beyond the scope of this work. We plan to address
it in future work. (ii) We assume compliance requirement change as
continuous process, i.e., changes might happen over time, not all at
once. In order to keep a clear track of this sequence of changes, we
assume a “clean starting point” with a compliant process model.

The paper follows design science research (DSR) [8] for artifact
creation and algorithmic engineering (AE) [9] for algorithm creation.
Starting from the analysis of a healthcare example from literature [10],
RCA4PC takes two different versions of a set of requirements in natural
language, where some requirements may have been added, deleted,
or modified, and formalizes these requirements using a representation
based on deontic logic [11] due to being close to (textual) law and
change (— RQ1). This formalization artifact is implemented by a Large
Language Model (LLM) due to its strength to deal with text, but under
control mechanisms such as controlled vocabularies [12]. For modified
requirements, RC4PC extracts, in a second step, atomic change opera-
tions (i.e., delta) that capture the modification at different levels of the
requirements, such as modified preconditions or norms (— RQ2). The
requirement levels are represented by a four-level hierarchy that en-
ables RC4PC to pinpoint the modifications in a fine-granular way, and
enables the analysis of which changes impact process compliance. This
second step is designed and implemented as an algorithm in order to
calculate the deltas deterministically based on formalized requirements.
In a third step, RC4PC calculates the impact of all these change oper-
ations on the compliance of a process model, distinguishing between
no impact, non-compliance, and over-compliance (— RQ3). This step
is LLM-supported in order to exploit the capabilities of reporting on
compliance deviations given a process model and deltas determined
in the second step. The evaluation of all artifacts and algorithms is
based on three datasets from different domains with corresponding
ground truths as baselines to especially evaluate the results achieved by
the LLM-based implementations. Moreover, a comparison with existing
approaches from literature, i.e., [12,13], is conducted.

The core idea behind RC4PC to determine the delta between two sets
of requirements is driven by the goals to provide a fine-grained and
traceable change analysis, which then serves as input for compliance
impact analysis. We distinguish between direct compliance impacts,
which arise from changes to a requirement itself, and cascading com-
pliance impacts, which arise indirectly through dependencies between
norms across different requirements (e.g., when the fulfillment of one
obligation activates another). Our impact analysis focuses on direct
impacts; cascading effects are not within the scope of the paper. This
reasoning is inspired by delta identification in data snapshots [14] and
process changes [15] allowing tracing specific requirement changes
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to their compliance effects. This provides valuable information for
specifying mitigation actions subsequently for both, non-compliance
and over-compliance.

The remainder of this paper is structured as follows. Section 2
discusses related work. Section 3 introduces a running example. Sec-
tion 4 presents the conceptual approach for formalizing requirements,
calculating atomic change operations, classifying the operations by the
impact they cause, and extracting compliance deviations. Section 5
details how we implemented the provided conceptual approach using
LLMs and exact algorithmic components implemented in Python. Sec-
tion 6 provides the three datasets and the strategy used to evaluate the
approach, together with the analysis of the results and a comparison
with existing approaches. Section 7 presents a discussion, and Section 8
offers concluding remarks and an outlook.

2. Related work

Our approach for impact analysis of regulatory requirement changes
touches upon several research areas as outlined in the following.
Design-time Compliance Verification and Analysis. Design-time ver-
ification for business process compliance has been extensively studied,
with significant efforts focused on modeling requirements [16,17] as
well as modeling compliance violations [18]. Despite the variety of
available approaches, ranging from logic-, query-, pattern-, to graph-
based [12], the primary focus is either on compliance verification or
on modeling requirements, leaving a unified approach that integrates
both aspects missing (i.e., an approach that can model /formalize
requirements and directly verify their compliance against processes
within the same framework) [19]. Moreover, they typically assume
that formalized requirements are manually defined [3]. Some excep-
tions exist that consider natural language input, either in the form of
process descriptions [20-22], or compliance requirements [13,23,24].
However, approaches based on process descriptions verify compliance a
posteriori against event logs rather than against explicit process models,
while approaches relying on process models are typically limited to
control-flow and data aspects and do not cover the broader spectrum of
compliance requirements. Compliance analysis builds on verification by
introducing quantitative measures for the degree of compliance and the
costs associated with non-compliance [25] and over-compliance [5].
While these measurements provide a detailed view of the compliance
of a process, they generally assume a fixed set of requirements and
do not address how the compliance degree or cost estimates should
be updated when those requirements change. As a result, it remains
difficult to determine which parts of a process become more or less
compliant or costly after regulatory updates.

Supporting Requirement Changes. The analysis and handling of
changing requirements has been most extensively explored in field of
Requirements Engineering [26]. Most of this work has concentrated on
supporting legal drafting (e.g., developing the Legislation Editing Open
Software (LEOS)') and broader societal impacts, rather than on opera-
tional compliance verification. One exception is the work by Abualhaija
et al. [26], which proposes a taxonomy for legal changes in the context
of software system compliance. While this represents a crucial step,
the research remains in early stages and is specifically concerned with
regulatory change in software, not directly addressing business process
compliance. When it comes to business processes, existing methods for
assessing compliance impact only handle the deletion or addition of
an entire requirement [27]. However, these approaches often model a
replacement simplistically as a deletion followed by an addition. This
high-level view fails to capture the specific effects of modifying specific,
granular parts within a requirement, leaving a gap for understanding

1 https://interoperable-europe.ec.europa.eu/collection/justice-law-and-
security/solution/leos-open-source-software-editing-legislation, last access 03
February 2026.


https://interoperable-europe.ec.europa.eu/collection/justice-law-and-security/solution/leos-open-source-software-editing-legislation
https://interoperable-europe.ec.europa.eu/collection/justice-law-and-security/solution/leos-open-source-software-editing-legislation

M. Barrientos et al.

Set of Three Requirements Modified After a Change in a Clinical Guideline
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‘/1 N Original Requirement (r1): If local anesthesia is administered and the patient has a high tolerance to anesthesia, the patient must

—/ Modified Requirement (r1'): If local anesthesia is administered and the patient has a high tolerance to anesthesia, additional anes s

d every 20 minutes if they are experiencing any pain
be administered every 20 minutes.

@ Original Requirement (r2): Before a surgical intervention, the nurse must obtain the patient's consent. After obtaining consent, the nurse
)
Modified Requirement (r2'): Before a surgical intervention, the nurse must obtain the patient's consent. After obtaining consent, the d

ust conduct a “time out" procedure.
tor must conduct a “time out" procedure.

3 Original Requirement (r3): If the patient is over 65, a nurse must approve discharge before the patient is discharged, and approval must occur within 24 hours prior to discharge.
Modified Requirement (r3'): If the patient is over 65 or has more than 5 medications, a doctor must approve discharge before the patient is discharged.
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Fig. 1. Modified requirements (top) and their impact on a process model (bottom).

the precise impact of requirement changes on the compliance of a
process.

Usage of LLMs for Compliance. Recent papers [28,29] point out that
regulatory language is often ambiguous and complex, which makes
it difficult to formalize manually, even for experts. This difficulty
shows the need for automation. Using LLMs to support the (semi-
Jautomatic extraction and formalization of requirements [30] or in
general regulatory modeling [31] is therefore a promising and neces-
sary research direction. LLMs have also been used to extract process
models from text [32] or vice-versa, text from process models [33], as
well as to derive executable process artifacts such as deployment-ready
code from text [34], and these approaches have been systematically
reviewed in [35]. While this task differs from design-time compliance
verification, both require mapping natural language text to business
process elements. It has been also explored the use of LLMs for process
model redesign, employing LLMs to identify process change patterns
(as cataloged in [36] and formally defined in [37]) from user input
and subsequently using this information to guide model modifica-
tions [38]. While these approaches focus on determining “how” a
process model should be changed in response to user requests, our
work concentrates on analyzing “what” is being changed at the level
of requirements themselves and which parts of the model become non
and over-compliant after that requirement change. By tracing how
requirement changes affect the process model, our approach provides
concrete explanations for compliance outcomes, addressing the lack of
justifications noted by Hassani et al. [39].

3. Running example

To illustrate the problem of requirement changes affecting the
compliance of process models, a running example is introduced based
on an Emergency Care process model (cf. [10]). The process model
depicted in Fig. 1 captures the main steps involved in the assessment
and treatment of a patient whose condition is worsening. Apart from
the process model, the running example also consists of a set of seven
requirements inspired by clinical guidelines such as Safe Surgery Saves
Lives [40]. Among these seven requirements, three are illustrated in
Fig. 1 and further analyzed in the subsequent sections. The other four
requirements will be considered in the evaluation and are available in
the GitHub repository.? Each requirement is represented in its original
(r1, r2, r3) and updated version (r1’, r2/, r3’), reflecting a change in the
requirement.

Our approach assumes that the process model is compliant with
the requirements (in this case with r;—r;) before changes occur, and

is sound, i.e., free of structural and behavioral problems such as dead-
locks. Fig. 1 illustrates how changing r1-r3 into r1’—r3’ leads to differ-
ent types of compliance deviations within the process model. Specifi-
cally, non-compliance occurs when additional anesthesia is not admin-
istered as required by r1’ (cf. ( 1 ), or when the “time out” is conducted

by the nurse instead of the doctor as mandated by r2’ (cf. ( 2 ). The
change in r3’ results in both non-compliance, when doctor approval
is missing for patients on multiple medications (cf. ( 3 )), and over-
compliance, when unnecessary nurse approval is still performed within
a 24-hour window (cf. ( 3 ). Discovering those compliance deviations is
crucial; therefore, in the following, we present an approach supporting
this complex task.

4. RC4PC conceptual method for analyzing the impact of require-
ment changes on process compliance

This section presents the conceptual method behind RC4PC for ana-
lyzing how changes to requirements affect business process compliance.
As illustrated in Fig. 2(a), a regulatory change can trigger a requirement
change, potentially leading to compliance deviations. Fig. 2(b) outlines
the method’s three phases. It takes as input a process model and the
set of added, deleted, or modified requirements. First, requirements
in natural language are formalized (cf. Section 4.1). Second, atomic
changes are extracted for modified requirements (cf. Section 4.2);
some of these changes may impact compliance more significantly (cf.
Section 4.3). Third, all changes are assessed against the process model,
unless no relevant changes are found. Each phase is detailed in the
following sections.

4.1. Machine-analyzable requirement representation

Managing requirement changes requires a notation that captures
the semantics of a requirement precisely and subsequently also the
semantics of its change. In this work, we opt for a representation
grounded on deontic logic [41], which aligns with the normative nature
of compliance requirements. Deontic logic is well suited to express-
ing obligations, permissions, and prohibitions, concepts that naturally
evolve when requirements change (e.g., a previously prohibited action
may become permitted). Its expressiveness makes such changes easier
to understand and supports the specification of requirements in a
conditional and context-sensitive manner [42]. Requirement sets are
assumed to be curated and conflict-free. Moreover, our representation
allows for modeling common process dimensions, i.e., time, resource,
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a) Origin of Requirement Changes
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b) Contribution: Approach to Analyze the Impact of Requirement Changes on Business Process Compliance
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Fig. 2. Origin of requirement changes and the RC4PC 3-Step compliance analysis.

data, and control flow. In order to define requirements in our notation,
we start with a definition of an action.

Definition 4.1 (Actions). Let D:= {control-flow, data, resource, tempo-
ral} be the set of process dimensions, C P the set of compliance patterns
as described in literature for dimensions d € D (see for control-flow,
e.g., [2], data flow [43], resources [21], time [30]), and X, be the
set of (process) elements affected by compliance pattern cp € CP,
e.g., tasks, data elements, resources. The set of all actions is defined as
A:C DXCP XX,

Action a € A with a=(control-flow, precedes,{obtain consent, time-
out}) (cf. 72 in the running example Fig. 1), for example, describes
a precedes compliance pattern for activities obtain consent and
time-out, i.e., refers to the control-flow. Compliance patterns can be
classified based on whether they are sensitive to the order of elements.
In particular, order-sensitive patterns, such as A_followed_by_B
and A_immediately_followed_by_B, require that the sequence
of activities is preserved. These patterns are commonly found in the
control-flow dimension, where changing a constraint from “Activity A
must be followed by Activity B” to “Activity B must be followed by
Activity A” alters the intended behavior. In contrast, order-insensitive
patterns do not rely on the sequence of elements. For example, the
resource constraint static_SoD (Separation of Duties) specifies that
Activity A and Activity B must be executed by different users, regardless
of their order in the process specification. Distinguishing between
these types of patterns is essential to avoid misclassifying harmless
reorderings as meaningful changes.

In general, deontic logic is used to represent norms; norms can be
obligations prescribing that a specific action must occur, permissions
prescribing that a specific action may occur, i.e., it is neither obligated
or prohibited by any other norm, and prohibitions prescribing that a
specific action must not occur. A requirement then contextualizes a set
of norms with a precondition and temporal validity, formally:

Definition 4.2 (Norms). Let M={obligation (O), permission (P), prohi-
bition(F)} be the set of deontic modalities and A be the set of actions.
The set of all norms N is defined as N’ :C M x A. Each norm n € N'
is represented as a pair n = (m, a).

Definition 4.3 (Requirement). Let A be the set of actions and N
be the set of norms. Let further P be the set of logical formulas,
i.e., a precondition, constructed over A using logical operators LO :=
{AND,OR,NOT}, i.e., P := 24 > 2LOX2" (nesting of the operators is
not permitted). In a precondition all actions in A,y must occur, at
least one action in A, must occur, and no action in A,, may occur.
T = [tstart-teng] denotes the temporal validity of the requirement. If
not explicitly indicated, temporal validity is assumed to be unbounded,
i.e., T = (—o0,+00) by default. We define the set of all requirements R
asR:C Px2VN x T.

For the preconditions, the set of formulas within a precondition
is interpreted as a conjunction. As nesting is not allowed, for ex-
ample, p = {AND([a;,a;,]), OR([a3,a,4]), NOT(as)} is permitted but
AND([a;, OR([a;, a3])]) is not. Take requirement r; from the running
example (cf. Fig. 1) in natural language. The actions contained in r; are
a;=(data, equals, {anesthesia type, local}), a,=(data, available, {toler-
ance, high}), and
az=(time, periodicity, {check pain, 20min}). Then the formalization
based on deontic logic turns out as follows: r; = (p,{n},t) with
p = {AND(a;,a,)}, n = (0,a3), and t = (—o0, ), i.e., r; encodes the
obligation » to ask the patient about pain every 20 min under the given
precondition. Preconditions are treated as factual conditions and do not
carry deontic meaning; deontic modalities are defined only over actions
in norms.

In Section 5, we will show how to extract the requirement represen-
tation automatically from text by prompting an LLM with detailed ex-
traction instructions and a strict schema, ensuring consistent mapping
from natural language to our requirement formalization. Alternatively,
requirements can be extracted and formalized manually or may already
be available for the subsequent steps.

4.2. Requirement change operations

This subsection introduces the operations used to describe changes
in compliance requirements (— RQ1). These change operations capture
how a set of requirements R C R, extracted from text-based regulations,
may change to reflect new obligations, relaxations, or reinterpreta-
tions [26]. Such changes may stem from new legal mandates (e.g., a
stricter data privacy law), internal policy updates (e.g., the adoption of
remote work rules), or shifts in operational context (e.g., the introduc-
tion of new technologies) [44]. In RC4PC, changes of R are described
along a hierarchy of levels (1-4), cf. Fig. 3. Changes at Level 1,
referred to as high-level changes, answer the question ‘“what happened
to the set of requirements?” by indicating whether a requirement was
added, deleted, or modified. We denote the sets of added, deleted, and
modified requirements as Add, Del, and Mod, respectively. These sets
are assumed to be known, as they can be obtained via requirement
traceability systems [45]. For modified requirements r € Mod, we
provide a fine-grained analysis based on atomic changes at Levels 2—
4 explaining “what happened inside the requirement?” by detailing
modifications to its content or structure, such as preconditions, norms,
temporal validity, actions, or target entities.

Treating a modification as a simple removal followed by an addition
would obscure the continuity between versions, which is problematic
in legal and regulatory contexts where traceability is essential. De-
termining the difference between the two versions of requirements
first, i.e., the atomic delta, preserves continuity, supports automated
reasoning, and enhances our understanding of compliance evolution.
For instance, consider a requirement r, that obligates obtaining the

Remark. Temporal compliance patterns used in actions (see Definition 4. patient’s consent before surgery, followed by a “time out” procedure,

constrain the behavior of a process (e.g., periodic execution), and are
independent of the temporal validity T of a requirement.

with both tasks performed by a nurse. This is encoded via norms
ny—ny, capturing control-flow and resource constraints, as outlined in
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High-Level Change Operations

- Level 1-
Changes to the Set of
Requirements
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Atomic Change Operations

- Level 2-
Changes to the Main Elements
of a Requirement

-Level 3-
Changes within Preconditions and Norms

-Level 4-
Changes within Actions

Table 1

Element |Operation Element Operation Element Operation Element |Operation
Add Precondition | Add Action Add Target Modify
Requirement| Delete Delete Delete Entity (Acltlvuy,
Modify  f» | Norm Modify > Modify = Role,
- Temp. Con.,
Logical AND<> OR, NOT4>OR Data)
Temporal Extend Operator | AND< NOT - -
Validity Compliance | Switch
Shorten Modality F ©0, F&P, 0P Pattern

Fig. 3. Hierarchy of high-level and atomic change operations.

Example of a requirement formalization and atomic delta (i.e., A(r;, 7})).

Requirement

Formalization

If the patient is over 65, a

discharge. The rule is valid

must approve 3
discharge before the patient is discharged, and {
approval must occur within 24 hours prior to

ry i=(
({falh}.
{nl = (O, (control-flow, precedes, { “approve_discharge”, “patient_discharged”}));
= (O, (resource, performed by, {“approve_discharge”}, { H);
n3 = (O, (time, time_lag, { “approve_discharge”, “patient_discharged”}, {< 24h}))},

al : (data, data_in_range, {age > 65})

If the patient is over 65
medications, a

valid

has more than 5
must approve discharge {
before the patient is discharged. The rule is

rhoi=(
({al, a2})},
{nl := (O, (control-flow, precedes, { “approve_discharge”, “patient_discharged”}));
(O, (resource, performed by, {“approve_discharge”}, { m}
)
al : (data, data_in_range, {age > 65})
a2 : (data, data_in_range, {num_medications > 5})

Change Op L Element Details

Delete 2 Norm Deleted temporal constraint: (dimension: temporal, pattern:
time_lag, target: {activities: [approve_discharge,
patient_discharged], temporal_constraints: [< 24h]})

Shorten 2 Temporal Validity Shorten validity period from 2024 - 2030 to 2025 - 2027

Add 3 Action Added action to the logical expression OR from precondition:
(dimension: data, pattern: data_in_range, target:
{data_values: [num_medications > 5]})

AND - OR 3 Logical Operator Logical operator for the precondition (dimension: data, pattern:
data_in_range, target: data_values: [age > 65]) changed
from AND to OR.

Modify role 4 Target Entity Role performing approve_discharge modified: nurse — doctor

Definition 4.2. After a regulatory update, the responsibility for the
“time out” is reassigned from nurse to doctor. In the updated require-
ment r’z, ny becomes n;: (O, (resource, performed by, “conduct time out”,
doctor)). Here, A(r,, r;) captures this atomic change to the responsible
resource, retaining the historical trace of r,. Fig. 3 shows how the
different levels connect, from the overall set of requirements to their
internal elements.

Atomic change operations span three levels in order to mirror the
structure of a requirement and facilitate the management of complex
changes [46,47]. Level 2 includes operations on the main structural
elements: preconditions, norms, and temporal validity. Preconditions
and norms can be added, deleted, or modified, while temporal validity
intervals may be shortened or extended. Level 3 focuses on internal
elements of preconditions, such as the content of actions and the logical
operators connecting them, and of norms, such as the prescribed actions
or their deontic modalities. When an action itself is modified, Level 4
further refines the change by targeting the internal structure of the
action, including the compliance pattern (e.g., precedes, followed
by) or the target entity (e.g., a resource, data object). Tables 2 and
3 summarize all change operations, high-level (Level 1) and atomic
(Levels 2-4), with examples from the evolution of ry, r,, and rs.
Table 1 presents two versions of a requirement, r; and ;. Changes are
highlighted by color: indicates modified elements, red marks re-
moved elements, and green shows additions. These differences include
a modified resource assignment, removal of a temporal constraint, a
shortened validity period, a shift from AND to OR and the addition of
a new data-based action within the precondition. Using Algorithm 1(—
RQ2), the corresponding set of atomic change operations is extracted

as A(r3,r;) (shown in the lower part of the table). These operations
capture the evolution across levels: Level 2 records changes to norms
and temporal validity, Level 3 identifies added actions and changes
in logical operators, and Level 4 details the modification of the target
entity (in this case, a role) within the updated norm.

The atomic delta A capturing all atomic change operations applied
between two versions, | and r}, is computed by Algorithm 1, which
systematically traverses the structure of both requirements to identify
atomic changes. It begins by comparing their temporal validity inter-
vals and records any differences, including whether the validity period
has been shortened or extended (lines 2-8). It then analyzes changes
in preconditions (lines 9-21) by detecting additions and deletions, as
well as modifications where structurally similar preconditions differ
in actions or logical operators. For example, if logical operators be-
tween preconditions change, such as switching from conjunction to
disjunction, this is explicitly captured. Finally, the algorithm compares
the norms associated with each requirement (lines 22-45), identifying
deleted and newly added norms, as well as more subtle changes such as
changes in modality (e.g., from obligation to prohibition) and modifi-
cations within their actions (e.g., modify target role, switch compliance
pattern).

4.3. Impact of changes in requirements on process model compliance

The impact of a requirement change on the compliance of a process
model is defined as the set of compliance deviations it introduces into
a previously compliant process model (-~ RQ3). The process in Fig. 1,
for example, initially complies with requirements r, r,, and r;. Two
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AlgOl‘ithm 1 calculating atomic change operations between requirements

Require: r],r’]: formalized requirements (old and new)

Ensure: 4: list of atomic changes as (element type, change operation, old_element, new_element)
1: 4«11
Part 1: Calculating Changes in Temporal Validity
2: for all 7 € {start,end} do
3 if rj.validity(s] # r’l.validitym then
4 if Rj.validityls] <r|.validityls] then
5: change — extend_temporal_validity
6 else
7 change < shorten_temporal_validity
8

A« Au {(temporal_validity,change,r, .validity[tj,r’] validity[s])}

Part 2: Calculating Changes in Preconditions
9: P, < ri.preconditions.andur.preconditions.orur;.preconditions.not
10: P/ « r\.preconditions.andur|.preconditions.orur|.preconditions.not
11: for all p; € P; do
12: if no p’] € P| matches p; then
13: A« Au{(precondition,delete_precondition,p;,None)}
14: for all p; € P/ do

1
15 if no p; € P matches p| then

16: A<« Au{(precondition,add_precondition, None,p’l)}

17: else if 3p; such that p; matches p’1 but with different actions then > For each not equal action do steps from lines 35-45
18: A« Au{(precondition,modify_precondition,p, ,p’l))

19: if actions in r|.preconditions are linked with different logical operators than from those in r’1 .preconditions then

20: A< Au{(logical_operators,switch_logical_operators,r| .preconditions,r’] .preconditions)}

21: A< Au{(precondition,modify_precondition,r,.preconditions,s| preconditions)}

Part 3: Calculating Changes in Norms
22: for all | €r| such that # is not matched in r; do
23: 4 < Av {(norm, add_norm,None, n})}

24: for all nj € ry such that n; is not matched in | do
25: A« AU {(norm,delete_norm,n;,None)}

26: for all matched norms (n],n’]) do
27:  if n| # n, then

28: A« AU {(norm, modify_normA,nl,n’l)}

29: if nj.modality # nj.modality then

30: A« Au{(modality,switch_modality,n .modality,n’1 modality)}

31: if nj.action # nj.action then

32: 4« Au{(action,modify_action,n .action,r|.action))

33: if nj.action.pattern #nj.action.pattern then

34: A« Au{(c_pattern,modify_c_pattern,nj.action.pattern, n'] .action.pattern)}
35: for all k € {activities,data_values,resources,temporal_constraints} do
36: if nj.action.target[k] # n; .action.target[k] then

37: if k=activities then

38: label — modify_target_activity

39: else if k =data_values then

40: label — modify_target_data

41: else if k = resources then

42: label « modify_target_role

43: else if k = temporal_constraints then

44 label — modify_target_temporal_constraint

45: A« AU {(target_entity,label,n;.action ‘target[k],n’l .action.target[k])}
46: return A

types of deviations may occur: (1) non-compliance, where the process
allows behavior now prohibited or omits a new obligation (e.g., if r,
evolves to r|, the process model is missing a task for administering
additional anesthesia), and (2) over-compliance. [48] defines over-
compliance over a set of traces L that reflect the behavior of a process
model. Given a requirement with condition and consequence, L is
“overcompliant iff the consequence is executed in some traces where it is not
required” and “maximally overcompliant iff the consequence is executed in
every trace where it is not required”. This happens, for example, when the
process maintains unnecessary restrictions (e.g., r; no longer requires
24-hour approval but the process still enforces it). The change causes
no impact if the new content is unrelated to any part of the process
model, or if the process already aligns with the modified requirement,
such as when a requirement is relaxed (e.g., obligation to permission).
For example, if r2’ relaxes the nurse’s obligation to conduct the “time
out” to a permission (cf. 0—P Table 3), and the process already includes
this step, no changes are needed; the action remains compliant. This
does not show over-compliance, since it is allowed that the nurse
performs that action.

Classification of Requirement Changes. The high-level change oper-
ations Add U Del and the atomic delta A determined by Algorithm 1 are

classified along their potential to introduce compliance deviations in a
previously compliant process model (see Tables 2 and 3). In some cases,
a change impact is determined by its top-level context; for example,
adding a new action (cf. add Action Table 3) through a norm or
precondition inherits the impact of that higher-level addition. In other
cases, the effect stems from sub-level modifications, such as switching
a norm’s modality or logical operator (cf. switch Modality or LO
Table 3). Table 2 presents the potential impact of operations at Level 1
and Level 2.

At Level 1, coarse-grained changes such as adding, deleting, or
modifying entire requirements can immediately alter compliance con-
ditions: introducing new obligations may cause non-compliance, while
removing them may lead to over-compliance if the process continues
to enforce outdated requirements. Level 2 captures more fine-grained
modifications to a requirement’s preconditions, norms, and temporal
validity. These changes can also lead to deviations. For instance, delet-
ing a precondition (e.g., p; in r;) makes the associated norm apply
more broadly, which may result in non-compliance if the process does
not satisfy the expanded scope of applicability; conversely, shortening
a validity interval (e.g., reducing the period of r; from [2024, 2030] to
[2025, 2027]) may cause over-compliance if the process still enforces
the requirement beyond its intended scope.
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L Element Change Example of a Change Impact on Process Compliance
Opera-
tions
. add Adding r,: “Before a surgery, blood must be The process becomes non-compliant if it
Compliance . . B
1 analyzed unless the doctor specifically allows behaviors the new requirement
authorizes skipping this step” forbids or omits behaviors it obligates
delete Deleting r, The process becomes over-compliant if it
still blocks allowed behaviors or requires
unnecessary ones
Requirement modify Any change occurring in the elements of Change operations in the sub-levels
the sub-levels determine it
add In r,, add precondition p, = The process becomes over-compliant if it
Precondition (control flow, existence, {“make diagnosis”}) still blocks allowed behaviors or requires
unnecessary ones
2 delete In r;, delete p, The process becomes non-compliant unless
it already meets the required behaviors
without the precondition
modify Any change occurring in the elements of Change operations in the sub-levels
the sub-levels determine it
add In r,, add norm ns = (O, The process becomes non-compliant if it
Norm (control-flow, precedes,\‘administer allows behaviors the new norm forbids or
antibiotics” “surgical intervention”)) omits behaviors it obligates
delete In r,, delete n, The process becomes over-compliant if it
still blocks allowed behaviors or requires
unnecessary ones
modify Any change occurring in the elements of Change operations in the sub-levels

the sub-levels

determine it

extend

In r;, extend T to [2023,2035]

The process becomes non-compliant if,

Tmp. Validity

after the original end date, it allows
behaviors the requirement still forbids or
omits behaviors it still obligates

shorten

In r;, shorten 7' to [2025,2027]

The process becomes over-compliant if,
after the new end date, it still blocks
behaviors now allowed or requires actions
no longer needed

Table 3 details the potential impact of change operations at Levels 3
and 4, which affect elements contained in preconditions and norms.
Level 3 includes changes to actions, logical operators, and modali-
ties. Switching from OR to AND within a precondition, for example,
narrows the scope in which the norm applies. This relaxes the re-
quirement, which may lead to over-compliance if the process continues
to enforce the norm in situations where it is no longer required.
Changing a modality from permission to obligation (P—0) can result in
non-compliance if the process does not ensure the required behavior.
However, some changes may have no impact, for example, replacing
an obligation with a permission (0—P) does not affect the process, as
the requirement now simply becomes optional. By contrast, if an action
becomes permitted only because a requirement was deleted, without
being explicitly stated as permitted, this may lead to over-compliance.
Level 4 refines the analysis further by targeting elements inside actions,
such as the compliance pattern and target entities (e.g., responsible
role, data, or temporal constraints). The resulting deviations depend
on whether the process has been adjusted to reflect the new semantics
introduced by the change.

The classification provided in Tables 2 and 3 can be utilized for
determining the impact of requirement changes on process model
compliance. First, change operations that will not cause compliance de-
viations can be detected. Moreover, the classification identifies change
operations that might cause compliance deviations, which can be in-
vestigated in detail subsequently. Those are cases where the process
model (i) permits actions that are now prohibited, (ii) omits actions
that have become mandatory, (iii) violates updated control-flow con-
straints, or (iv) assigns tasks to unauthorized resources, each leading to
non-compliance. Over-compliance may also occur if the model retains

obsolete constraints, such as outdated temporal rules or redundant role
assignments. By leveraging the hierarchical classification and filtering
out operations with no expected impact (e.g., modality relaxations),
the verification process becomes more efficient and transparent, as it
enables a clear mapping between specific types of requirement changes
and their potential compliance effects. For instance, if a permission is
changed to a prohibition, and the process still allows the prohibited be-
havior, the deviation can be directly traced back to this specific change
in modality. Notably, no deviation arises if a prohibited behavior is
structurally impossible (e.g., a forbidden second surgery in a model that
never includes such a path).

The RC4PC approach aims at a fine-granular analysis of requirement
changes and their impact on process model compliance, resulting in a
possible optimization of the impact analysis and the ability to pinpoint
causes for compliance deviations in a fine-granular way. In Section 5,
we will further investigate the options for optimizing compliance im-
pact analysis based on employing Large Language Models (LLMs) for
different tasks in the RC4PC approach, i.e., the formalization of textual
requirements and the compliance deviation analysis exploiting the
change operation classification provided in Tables 2 and 3.

5. Implementation of the RC4PC approach

This section presents the implementation of the RC4PC approach
proposed in Section 4 which leverages both, the previous and updated
versions of a requirement, along with the extracted delta between them,
to identify potential deviations more effectively than by considering
only the latest version of the requirement in natural language. Imple-
mented in Python 3.11.13, the three steps (cf. Fig. 2 b) are independent
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L Element Change Operations Example of a Change Impact on Process Compliance
add Adding a new Norm or Precondition Change operations in the top-levels
Action introduces a new Action determine it
delete Removing a Norm or Precondition deletes
5 its Action
modify Any change occurring in the elements of Change operations in the sub-levels
the sub-levels determine it
Logical AND — OR In r, change AND — OR, modifying p, to The process becomes non-compliant if it
g OR([a,,a,]) allows forbidden behaviors or omits
Operators - .
obligated ones
OR — AND In r}, change OR — AND, modifying p| to The process becomes over-compliant if it
AND([d}, d}]) still blocks allowed behaviors or requires
unnecessary ones
NOT < AND, In r}, modify p| to NOT([d|,d}]), , is an The process is non-compliant if it skips the
NOT < OR example of OR - NOT norm when the negated condition holds, or
over-compliant if it still enforces the old
AND/OR condition, blocking allowed or
requiring unnecessary behaviors, and vice
versa when AND/OR turn into NOT
O« F In r, change the obligation of the nurse The process becomes non-compliant
Modality conducting the “time out” to a prohibition
P—-0O,P—F, Allowing nurses to conduct the “time out” The process becomes non-compliant if it
F—P procedure, previously forbidden, is an allows forbidden behaviors or omits
example of F - P obligated ones
O— P In r, change the obligation of the nurse No impact (if an action becomes permitted
conducting the “time out” to a permission only because a requirement was deleted,
without being explicitly permitted, this may
result in over-compliance)
modify Activity In r,, change activity in n, from “conduct The process becomes non-compliant if it
. time out” to “checklist verification” allows forbidden behaviors or omits
Target Entity .
4 obligated ones

modify Role

In r,, change in n, responsible role from
“nurse” to “doctor”

modify Data

modify Temporal

Constraint

In r, change in a, from “anesthesia type =
local” to “regional”

In r;, change in n; periodicity to “10 min”

The process becomes non-compliant if the

newer value (data, time) is more restrictive,
but over-compliant if it is more permissive
and the process still enforces the old stricter
value

Compliance
Pattern

switch

In r,, switch the compliance pattern of n;
from precedes to followed by

The process becomes non-compliant if the
newer pattern is more restrictive, but
over-compliant if it is more permissive and
the process still enforces the old stricter
pattern

and executable separately. This separation into three independent steps
allows for a modularization of the approach as well as to implement
each step with different means. Step 3 could be implemented using
exact approaches like model checking. However, as elaborated in the
related work section, existing approaches typically do not cover mul-
tiple process dimensions at once, which is one aim of our approach.
While some approaches provide counterexamples beyond binary re-
sults, these are hard to interpret when multiple compliance deviations
occur [7]. To obtain more expressive explanations of non- or over-
compliance after requirement changes, we therefore partially rely on
LLMs. In addition, when using LLMs we do not require a one-to-one
mapping between elements from the requirements to elements from the
process model, e.g., activity labels could be similar but not the same.
When using exact methods, a mapping step is mandatory, when using
LLMs this is not necessary. Fig. 4 illustrates the main sub-steps of Steps
1-3. Components that query an LLM are highlighted in purple, i.e., sub-
steps 1.2 and 3.2. As shown in Fig. 4, all outputs returned by the LLM
are validated against a predefined JSON schema (i.e., sub-steps 1.3 and
3.3). If a response is invalid, e.g., due to missing fields, incorrect data
types, or parsing errors, it is logged for manual inspection. The pipeline
is configurable (e.g., model, temperature; sub-steps 1.1, 2.1, 3.1) and

records execution metadata (e.g., timestamps, parameters; sub-steps
1.4, 2.3, 3.4) for transparency. The full implementation and prompts
are available online.”

5.1. Implementation of Step 1

To automate Step 1, the transformation of requirements from natu-
ral language into a structured formal representation, a large language
model (LLM), specifically GPT-4.1, is queried via the OpenAl APIL?®
The decision to use GPT-4.1 is based on recent work [49] showing
promising results in the formalization of defeasible deontic logic rules
from legal text using LLMs. Their results indicate that GPT-based
models can perform this task with accuracy similar to rule-based or
parser-based approaches, especially when using prompt engineering
techniques.

2 https://anonymous.4open.science/r/Requirements_Change_for_Business_
Process_Compliance, last access 03 February 2026.
3 https://platform.openai.com, last access 12 December 2025.
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Step 1 Components  |Non-LLM LLM (i.e., GPT 4.1) Prompt 1
)
1.1 - Load config. file (e.g., temperature, model) » Instructions
Formalize 1.2 - Query LLM to formalize the requirement <—{* Requirement(s) to formalize

Requirements

Step 2

Extract Atomic
Change Operations
Between Modified
Requirement Pairs
Step 3

Calculate Impact
of Requirement
Changes
in Process Model

RC4PC Steps (cf. b) Figure 2)

1.3 - Validate and normalize output

1.4 - Generate metadata (e.g., timestamps,
model parameters)

2.3 - Generate metadata

3.1 - Load config. file (e.g., temperature, model)
3.2 - Query LLM to detect compliance deviations <« ® Atomic change operations

3.3 - Validate and normalize output

3.4 - Generate metadata (e.g., timestamps, model

Format of formalized
requirements (JSON
schema)

°

°

Allowed compliance patterns

2.1 - Load config. file (e.g., similarities threshold)

2.2 - Calculate atomic change operations between requirements

Prompt 2

» Instructions

» Formalized requirements
» Process model (PDF)

* Format of compliance

parameters) deviations

Fig. 4. Implementation pipeline of the RC4PC approach.

In order to support consistent and reliable output from the LLM in
Step 1, we apply several prompt engineering techniques. Controlled
vocabularies are used to explicitly list the allowed compliance patterns,
which reduces ambiguity and prevents the model from generating
invalid constructs [50]. An ablation analysis confirms this: when the
prompt omits this restriction, the LLM frequently hallucinates non-
existent patterns (e.g., activity_during_activity) or uses in-
consistent naming for the same concept (e.g., activity_occurs,
activity_occurrence, activity_performs). Structured for-
matting is enforced by defining a strict JSON schema [51], and un-
certainty is handled explicitly by instructing the LLM to use prede-
fined markers when the requirement is ambiguous [50]. The structure
of Prompt 1, shown in Fig. 4, guides the transformation of natural
language requirements into the structured representation defined in
Section 4.1, covering four compliance dimensions: control flow, data,
resource, and time. Commentary is disallowed to maintain output
structure, and requirements are processed individually, as batching
degrades quality.

5.2. Implementation of Step 2

For Step 2, a Python script implements Algorithm 1 (—» RQ2). It
takes as input the structured formalizations from Step 1 and compares
two versions of a requirement in JSON format (cf. sub-step 2.2 Fig. 4).
The script generates a hierarchical delta file (cf. Fig. 3) that captures
all additions, deletions, and modifications across preconditions, norms,
and temporal validity. Logical changes, such as shifts between con-
junctions and disjunctions in preconditions (e.g., AND — OR), are also
detected. Each atomic change is assigned a unique change identifier
and classified by type, e.g., precondition added, norm deleted, action
modified, switch on the compliance pattern, etc. The comparison in-
cludes changes to modalities, compliance patterns, and action attributes
(e.g., activities, resources, data values, and temporal constraints). A
cosine similarity threshold, computed using the sentence transformer
model all-MiniLM-L6-v2,* ensures semantic alignment between matched
elements, while activity labels must match exactly to be considered
equal. Metadata is also logged in this step.

4 https://huggingface.co/sentence-transformers/all-MiniLM-L6-v2, last ac-
cess 03 February 2026.

5.3. Implementation of Step 3

Step 3 evaluates how changes in requirements impact the compli-
ance of a process model (— RQ3). The inputs include the original and
updated requirements (in both natural language and formalized form),
the extracted delta, and the process model in PDF format. An ablation
analysis shows that using a PDF of the process model leads to clearer
results: the LLM better ignores irrelevant details and avoids unwanted
identifiers common in raw BPMN XML. While pre-cleaning the XML is
possible, it risks removing information relevant to compliance reason-
ing (cf. Section 7). This supports the idea that, in this context, a picture
(i.e., PDF) is indeed worth more than a thousand tags [52], particularly
when working with repositories of process models. The PDF is uploaded
to OpenAl’s file storage using the client.files.create method
with the ¢ ‘user_data’’ purpose, while the remaining inputs are
passed directly in the prompt. GPT-4.1 is queried via the OpenAI API
using Prompt 2 (cf. Fig. 4), which applies the same prompt engineering
principles as in Step 1. The model is instructed to assess whether
each atomic requirement change triggers a compliance deviation. If a
deviation is identified, the output includes its type (i.e., non-compliance,
over-compliance), along with a brief justification and a reference to the
affected process element. If there is no impact, this is also explicitly
indicated. The output is returned as a structured JSON array to enable
automated parsing, and execution metadata, as well as any parsing or
validation errors, are recorded for traceability.

6. Evaluation

This section provides the evaluation of the concepts and imple-
mentation of the RC4PC approach presented in Sections 4 and 5. The
datasets used in the evaluation, along with the corresponding results,
are available online.?

6.1. Datasets

The evaluation comprises three datasets, each containing two ver-
sions of a set of compliance requirements and a corresponding business
process model. Both the requirements and the business process model
are the input of the RC4PC (cf. Fig. 2) The first dataset is the Emer-
gencies [10], introduced in Section 3. The second dataset is the SIM
Card, based on the process model described in [23], which captures the
procedure followed by a phone company to onboard a new customer.
It includes six requirements, each represented in two versions, derived
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Information and Software Technology 194 (2026) 108079

Step 1: Formalization Step 2: Change Operation Step 3: Deviation
(total requirements = 36) (total change operations = 26) (total deviations = 25)
% Change Operation % Deviation Reason %

Req. with preconditions 46 | — | Add requirement 8 E Wrong activity 4

Req. without preconditions 54 | 7 | Delete requirement 8 |% Missing activity 16
E Compliance Patterns Add precondition 8 g Wrong role 12
% Data 68 R Delete precondition 4 Z Missing time constraint 4
g Control flow 20 Add norm 4 2 Weak / Wrong XOR 12
3 Time 12 Delete norm 12 Missing XOR 4
& Logical Operators [ | Change modality 16

AND 82 | 3 | Change logical operator 4

OR 12 Delete action 4 Strict time constraint 8

NOT 6 | | Change in role 12 Strict order of activities 4

1 Norm per requirement 68 Switch compliance pattern 8 E Not required activity 24

>1 Norm per requirement 32 | & | Change in activity 4 |3 Strict XOR 4

Modality Change in data 4 g Missing XOR 8
E Obligation 78 Change time constraint 4 g
) Permission 11 3
“ Prohibition 11 Sl

Compliance Patterns

Control Flow 73

Resource 16

Time 11

from GDPR privacy constraints [53]. The third dataset is the Blood
Donation, which is derived from the requirements presented in [5].
The set of requirements in [5] consists of a single version and is based
on standards outlined in the Blood Guide published by the European
Directorate for the Quality of Medicines & HealthCare.® This dataset
was selected because, in addition to the guidelines themselves, the
Council of Europe provides a comprehensive change log documenting
all modifications between editions. These changes are further supported
by background documents that explain the scientific rationale behind
them.

We evaluate each step of RC4PC independently of the other steps.
For this, one of the authors manually created a ground truth dataset
containing the expected outputs for each step. For Step 1, the ground
truth consists of the formalized requirements, following our representa-
tion described in Section 4.1, including elements such as preconditions,
norms, and compliance patterns present in each requirement. For Step
2, the ground truth is a set of change operations between the two
versions of each requirement, based on the change representation
introduced in Section 4.2. For Step 3, the ground truth includes the
compliance deviations resulting from the changes identified in Step 2,
with each deviation linked to the specific process model elements it af-
fects and an explanation of the reason for the deviation. All annotations
are available online.?

To reduce potential bias in the annotated ground truth, two inde-
pendent researchers with expertise in process compliance, who are not
authors of the paper, were tasked with formalizing the set of require-
ments (Step 1), identifying changes between requirement versions (Step
2, simplified), and determining the compliance deviations triggered by
those changes (Step 3). The instructions and materials provided to the
experts per step, as well as their results and the differences between
their annotations and the ground truth, are included in the online
repository.?> For Step 1, the formalizations from the different experts
and the ground truth are semantically similar but varied in style. For
Steps 2 (simplified) and 3, both experts identify non-compliance in
similar ways, but over-compliance allowed for more variation in inter-
pretation. These observations directly influence the evaluation strategy
(cf. Section 6.2): for Step 1, we accept alternative formalizations

5 https://www.edqm.eu/en/blood-guide, last access 03 February 2026.
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with equivalent meaning, and for Step 3, we limit the LLM’s room for
interpretation.

Some patterns can be observed across the different datasets. The
Emergencies dataset mainly contains obligations with data-based pre-
conditions and frequent use of control-flow constraints like
A_precedes_B, sometimes combined with resource constraints such
as performed_by. Time constraints like periodicity appear oc-
casionally. The SIM Card dataset includes a mix of obligations, permis-
sions, and prohibitions, with fewer explicit preconditions; prohibitions
are often linked to existence_of_A, and time constraints such
as duration appear in some cases. The Blood Donation dataset
also contains mostly obligations, often with control-flow patterns like
A_immediately_followed_by_B; prohibitions are again tied to
existence_of_A. An overview of the data distribution of the ground
truth by step is presented in Table 4, combining all datasets, as the
distributions showed little variation between them. With respect to the
distribution by step, Step 1 (Formalization) contains 36 requirements,
of which 46% include preconditions, mostly data-related, with AND
used in 82% of cases. Obligations dominate (78%), and control-flow
constraints are the most common pattern (73%). Step 2 (Change
Operation) comprises 26 change operations, with modality changes
(16%) and norm deletions (12%) being the most frequent, followed
by changes in roles and preconditions. Step 3 (Deviations) includes 25
deviations. The most common causes of non-compliance are missing
activities (16%), incorrect roles (12%), and weak XOR logic (12%).
Over-compliance is mainly due to unnecessary activities (24%).

6.2. Evaluation strategy and analysis of results

This section outlines the evaluation strategy and presents the anal-
ysis of results for each of the three steps from the RC4PC approach
described in Fig. 4: the automatic formalization of compliance require-
ments (Step 1), the extraction of atomic change operations between
different versions of a requirement (Step 2), and the analysis of their
impact on a process model (Step 3). Steps 1 and 3 produce outputs
using LLMs, which may contain hallucinations and vary between runs;
therefore, the RC4PC approach was run five times independently to
study the stability of the results. For Steps 1 (formalized requirements)
and 3 (compliance deviations), structural validity was also assessed by
verifying whether the output JSON conformed to the schema specified
in the prompt. Across the five iterations, all outputs for Steps 1 and 3
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Table 5
Overview of results by step and dataset.
Dataset Step 1 (Formalization) { Step 2 (Change Operation) { Step 3 (Deviations)
| P R F1 sc | P R F1 | P R F1
Emergencies Precondition 0.90 1 0.94 Dev. Type 0.96 +0.07 0.91+£0.19 0.93+0.14
8 0.80 0.75 0.85 0.80 Dev. Reason 0.85+0.15 0.98 +0.04 0.90 £ 0.09
Norm 0.91 0.91 0.91 Ref. in Model 0.94+0.13 1 +£0.00 0.96 +0.07
SIM Card Precondition 0.71 1 0.83 Dev. Type 1+0.00 1 +£0.00 1+0.00
0.80 1 0.87 0.93 Dev. Reason 0.92 +0.00 1+0.00 0.96 +0.00
Norm 0.80 0.88 0.84 Ref. in Model 1+0.00 1+0.00 1+0.00
Blood Donation Precondition 0.90 0.90 0.90 Dev. Type 0.85+0.15 0.85+0.15 0.85+0.15
0.64 0.75 0.85 0.80 Dev. Reason 0.86 +0.14 0.86 +0.14 0.86 +£0.14
Norm 1 1 1 Ref. in Model 0.86 +0.14 0.86 +0.14 0.86 +0.14

conformed to the expected format and did not require any additional
normalization or manual post-processing. The results from the five
executions are available online.?

Evaluation Strategy for Step 1. In the evaluation of Step 1, a formal-
ized requirement is considered correct if it semantically aligns with the
corresponding representation in the ground truth or captures another
valid interpretation of the requirement. This includes the correct rep-
resentation of preconditions (e.g., actions and their logical structure),
norms (with the appropriate modality and compliance pattern), and
temporal validity. A true positive is a formalization that matches the
ground truth, while a false positive is one that is either incorrect
(e.g., wrong content or structure) or not present in the gold standard.
Completeness reflects whether all expected elements are present in the
output. A false negative is an element from the ground truth that is
entirely missing. Based on these definitions, precision (correctness) is
calculated as P = Lp, and recall (completeness) as R = 7 PT+PF =
also provide the F1-score because it combines precision and recall into a
single measure, F1 =2- 2R However, precision and recall do not indi-
cate how consistently the LLM behaves across repeated runs. To capture
this, we measure the stability of Step 1 using self-consistency (SC)
metric [54], which reflects how often the LLM produces similar outputs
when the same requirerr}#eytjs formalized multiple times. We define
it as SC = total number of(p:i;wise comparisons’ where dij is the distance
between two different runs of the same requirement. The term #(d;; < 2)
refers to the number of executions in which the distance between two
formalizations is 2 or less, meaning that the outputs are identical or
differ in a maximum of two elements. We adopted a strict counting
strategy when identifying differences between elements, considering
variations across all change levels. Differences were counted even when
they reflected the same semantic meaning, such as alternative labels
for the activity derived from an action of a norm, different ways of
expressing temporal constraints (e.g., “within 24 hours” versus “no
later than one day”), or the use of different compliance patterns that
nonetheless constituted valid interpretations of the requirement. We
expected identical results across runs, as the temperature was set to
0 to eliminate stochastic variation. Since a human annotator would
consistently formalize the same requirement across multiple attempts,
we examined whether the LLM exhibits consistent behavior when
formalizing the same requirement multiple times.

Analysis of Results for Step 1. As shown in Table 5 (cf. Step 1),
precision, recall, and F1 were consistently high across all three datasets
(Emergencies, SIM Card, Blood Donation), particularly for identifying
norms (average F1 of 0.91). In some cases, redundant preconditions
were introduced, such as specifying existence_of_A even though
the norm A_followed_by_B already implies the existence of A.
In addition, representational inconsistencies affected the quality of
some formalizations. Identical time constraints were represented us-
ing different activity labels (e.g., conduct_time_out_procedure
vs. time_out_procedure), and roles were sometimes embedded
in activity names rather than explicitly assigned (e.g.,
nurse_approves_discharge instead of separating the performer

and the action). While redundancy did not distort the semantics, it
made some representations unnecessarily verbose, whereas inconsisten-
cies introduced ambiguity and reduced alignment between requirement
versions. Stability results further support these observations: the SIM
Card and Emergencies datasets show the highest stability (SC = 0.80),
and the Blood Donation dataset also demonstrates a reasonable level
of stability (SC = 0.64), indicating that the LLM often produces
similar formalizations across runs, with most differences arising from
redundant preconditions, small label variations (e.g., “donor_bleeding”
vs. “bleeding”), or alternative but equivalent compliance patterns.
Evaluation Strategy for Step 2. For Step 2, P, R, and F1 are computed
using the same definitions and formulas introduced for Step 1. To
measure P (correctness) and R (completeness), the output is compared
against the set of atomic change operations from the ground truth.
A true positive is a correctly identified change, a false positive is a
change that does not exist in the reference, and a false negative is a
missed expected change. Correctness reflects how accurate the detected
changes are, while completeness captures whether all expected changes
are found. Stability is not assessed in this step, as the algorithm is
deterministic and always produces the same output for identical inputs.
Analysis of Results for Step 2. As shown in Table 5 (cf. Step 2),
the recall average is close to 0.86, indicating that nearly all ex-
pected changes are successfully captured by the system. However,
precision is lower, i.e., 0.75 for Emergencies, 1 for SIM Card, 0.75
for Blood Donation, leading to Fl-scores between 0.80 and 0.93.
This drop in precision occurs primarily due to false positives, where
changes were incorrectly inferred from differences in labeling or struc-
ture rather than actual semantic modifications. For instance, iden-
tical activities labeled (e.g., conduct_time_out_procedure vs.
time_out_procedure) are mistakenly identified as modified ac-
tions, and preconditions removed for simplification (e.g., redundant
existence checks) are flagged as deletions. In some cases, represen-
tational mismatches lead to the detection of changes in temporal
constraints, data conditions, or resources, even though the underlying
semantics remain unchanged. These issues highlight challenges in
norm alignment, that is, determining which norm in the new version
corresponds to which in the old norm, particularly when multiple
compliance patterns or dimensions (e.g., control-flow, data, resource)
are modeled within a single requirement. Despite these challenges,
the system successfully detects several relevant changes, including
modifications in modality (e.g., obligation to permission), compliance
pattern switches, additions or deletions in preconditions, and temporal
validity extensions. The results suggest that while the approach is effective
in identifying expected changes, it can be compromised by inconsistencies
in modeling practices, reinforcing the need for a mechanism that ensures
elements unchanged across versions are modeled consistently.

Evaluation Strategy for Step 3. To evaluate the quality of the results
produced in Step 3 (impact analysis of requirement changes on a
process model), we assess the LLM outputs along three aspects: (1) the
type of deviation identified, (2) the reason provided for the deviation,
and (3) the reference to the affected elements in the process model. For
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each requirement change, we first evaluate whether the LLM correctly
determines whether the change has any impact on the process model.
If it indicates that it has an impact, we assess whether it is assigned
the correct deviation type (cf. Table 5 Dev. Type). We also evaluate if
the LLM provides a correct deviation reason, e.g., noting that a require-
ment change modifies the resource who should perform Activity A,
which explains why the deviation occurs (cf. Table 5 Dev. Reason).
In addition, we check whether the LLM points to the correct elements
in the process model that show where the deviation manifests (cf.
Table 5 Ref. in Model), such as Activity A still being assigned to
the previous resource. For the deviation type, reason, and reference to
the process model, we record true positives (correct type, reason, or
reference), false positives (wrong type, reason, or reference) that are
not in the ground truth, and false negatives (missing deviation, reason,
or reference). Precision, recall, and F1 are then computed for each of
the three aspects by averaging the results across the five executions and
reporting the corresponding standard deviation to assess the stability of
Step 3.

Analysis of Results for Step 3. All the changes introduced solely by
representational differences (e.g., alternative modeling of data con-
straints) or not impacting that model are correctly marked as having no
impact. In the SIM Card dataset, the approach achieves nearly perfect
scores (1 + 0.00) across all three deviation aspects, deviation type,
reason, and reference in the process model, confirming its ability to
detect when the process fails to meet new obligations (e.g., keeping SIM
activation as the customer’s responsibility) or enforces obligations that
are no longer required (e.g., continuing monitoring or data deletion).
The Emergencies dataset also shows strong results, with F1 scores of
0.93 + 0.14 for deviation type, 0.90 + 0.09 for deviation reason, and
0.96 + 0.07 for reference in model, though the recall for deviation type
(0.91 + 0.19) indicates some variability, due to difficulties in correctly
distinguishing over-compliance from non-compliance when a require-
ment changes from obligatory to optional. The Blood Donation dataset
yields slightly lower but still solid results (0.85 + 0.15 to 0.86 + 0.14
across categories), capturing deviations such as the failure to allow
doctors to skip unnecessary tests or collecting blood from all patients
instead of only adults. This dataset involved a higher number of over-
compliant deviations, e.g., continued enforcement of monitoring or
restrictive eligibility checks, which resulted in incorrect classifications.
Notably, the results show no difference in the quality of deviation
detection across the four compliance dimensions, control flow, data,
time, and resource, suggesting that the approach is equally applicable
across different dimensions. A recurring limitation observed across all
three datasets is redundancy. Multiple changes that lead to the same
deviation are flagged individually, which affects clarity. Since the LLM
was not explicitly tasked with grouping related changes, reducing such
redundancy remains an open area for future work. Overall, the results
indicate that the approach can accurately detect both, non-compliance
and over-compliance, while offering opportunities for improvement in
the way deviations are reported.

Summary of Results. Overall, the evaluation shows that RC4PC can re-
liably formalize requirements, detect changes, and identify compliance
deviations caused by those changes. While precision is occasionally im-
pacted by representational inconsistencies and redundancy, the results
confirm that the identified changes and deviations are both correct and
complete. These findings highlight the need to represent unchanged
parts of a requirement in a consistent manner (e.g., using the same
labels for the same activities), improving the aggregation of related
deviations, and further refining the concept of over-compliance.

6.3. Comparison to existing approaches
As RC4PC is the first approach for analyzing how changes in re-

quirements impact design-time process compliance, a one-to-one com-
parison to existing approaches is not possible. The approach is instead
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compared to design-time compliance verification approaches which are
not change-aware. As outlined in Section 2, existing approaches either
(i) accept natural-language requirements as input and or (ii) rely on
formalized requirements.

Among the (i) approaches that accept natural language require-
ments only [13] is open source, the others [23,24] are not. Con-
sequently, [13] is used to evaluate compliance against both the old
and new sets of requirements, with the results contrasted against our
ground truth. The evaluation includes the three datasets described in
Section 6.1, and the results are available in the project repository.? [13]
calculates a fitness score that reflects the semantic similarity between
a requirement text and a process model. This score is used to filter out
irrelevant text fragments, after which the approach checks for compli-
ance deviations (referred to as violations). The method detects non-
compliance in only a limited set of cases, specifically: missing activities,
incorrect ordering in the control flow dimension, and incorrect roles
in the resource dimension, and does not consider over-compliance. It
cannot distinguish between A must happen after B and A must
happen directly after B, nor handle resource restrictions like A
cannot be performed by resource X. Moreover, it focuses solely
on obligations, without support for permissions or prohibitions.

Despite these limitations, we applied [13] to our three datasets.
In the Emergencies dataset, which contains five over-compliant and
five non-compliant deviations, including two missing activities and two
incorrect roles (i.e., 40% of the cases were in scope for detection), the
method failed to assign compliance costs to the missing activities and
misclassified a role deviation as incorrect ordering os activities. In the
SIM Card dataset, which includes five non-compliant deviations and
one over-compliant case, only two missing activities and one incorrect
role fall within the method’s detection scope (50%). Here, the method
reported no semantic similarity for the missing activities and failed to
capture the cost of the wrong role assignment. Lastly, in the Blood
Donation dataset, which includes seven over-compliant and two non-
compliant deviations (both due to missing activities, i.e., 22.2% in
scope), one case was marked as semantically related but received no
compliance cost, while the other was treated as unrelated. In both
cases, the missing activity was not reflected in the final compliance
assessment. One reason for the poor results is that [13] was evaluated
on regulation fragments rather than requirements. These fragments
contain a larger vocabulary, giving NLP methods more signals to com-
pute similarity scores. In addition, the method only supports a limited
set of compliance dimensions, does not handle over-compliance, and
has difficulties mapping parts of a requirement to the correct elements
in the process model, especially when multiple pools are involved.
These factors further reduced its ability to detect deviations.

The modeling languages from (ii) approaches that rely on formal-
ized requirements have been compared in, e.g., [12,16,17]. However,
there is a lack of benchmarking across their compliance verification
solutions. This is likely due to the fact that most of them are not open
source (e.g., Regorous, a compliance checker based on Process Com-
pliance Logic [55], or the semantic approach using the LegalRuleML
model [56]), or depend on complex and restrictive input formats
(e.g., modeling business process with Colored Petri Nets and the re-
quirements with Computation Tree Logic [57], or using a mashup-based
framework [58]). In practice, many approaches mainly verify control-
flow aspects, with only a few extending the analysis to additional
dimensions such as data. A notable exception is [59], which considers
data constraints and reports improved performance over NuXMV [60]
in mitigating state-space explosion. Moreover, symbolic approaches
are affected not only by expressivity limitations but also by a high
modeling and formalization effort [3], which limits flexibility in the
presence of changing requirements. Since most verification approaches
are tightly coupled with the expressiveness of their underlying formal-
ism or modeling notation, their capabilities are inherently limited by
what can be formally represented. In [12], the authors examine the
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expressiveness of multiple compliance requirement languages, compar-
ing them against a collection of nine requirements. We provide, in our
online repository,” the formalized representation of each requirement
using our notation (see Section 4.1), demonstrating that its semantics
are expressive enough to capture the necessary compliance-relevant
aspects identified in [12]. This step is included because the way re-
quirements are represented sets the boundaries for how changes can
be represented.

7. Discussion

Despite the promising results of RC4PC presented in Section 6, it
currently has the following conceptual and practical limitations.

7.1. Limitations of the implementation

One limitation brought by the implementation, specifically in Step 1
(i.e., the automatic formalization of requirements), concerns represen-
tation inconsistencies between different versions of the same require-
ment. Although the two versions often share certain fields or elements
(e.g., actors, activities, preconditions), these were sometimes formal-
ized differently, both in terms of labeling and compliance patterns.
This contradicts the expectation that shared, unchanged parts should
be represented in the same way across versions. In the current setup,
both versions are formalized at the same time, which can lead to such
inconsistencies. In a real-world scenario, the first version might already
be formalized independently (e.g., for completeness checking), and an
LLM could then be instructed to formalize the second version based on
the first. This would encourage the reuse of modeling patterns and help
ensure consistency in the representation of unchanged elements.

Related trade-offs also emerged in how process models are handled
in Step 3. Previous work on retrieving or querying process models
via LLMs [38] relies on simplified abstract representations of process
models, such as Mermaid. js, instead of using full BPMN 2.0 mod-
els. This is enabled by a converter that transforms detailed BPMN
files (in .bpmn or . json format) into minimal . json, .yaml, or
Mermaid. js.® While such abstractions reduce complexity and make
models easier for LLMs to handle, they are not suitable when the goal
is to verify process compliance, since critical details, such as time,
resources, or control-flow semantics, can be lost in the simplification.
At the same time, LLMs are not able to properly process embedded
elements in BPMN 2.0 (e.g., resource pools), which motivates the
design decision in RC4PC to provide the process model as a PDF in Step
3. This solution still requires improvement because of the high costs of
sending PDFs to the LLM. Possible optimizations include converting the
PDF to PNG if image processing proves cheaper, or reducing the num-
ber of times the process model is sent by emulating prompt caching.
Moreover, using PDFs as input could also make the approach more
process-model-format agnostic, since the visual representation abstracts
from the underlying notation. This would allow the same mechanism
to be applied to other process abstractions, such as Petri Nets [61] or
Process Structure Trees [5], which could be explored in future work.

The choice of BPMN as format for the process models is mainly mo-
tivated by BPMN being the standard notation and being understandable
for users. This is especially relevant if non-technical users, e.g., domain
experts, are supposed to assess the compliance analysis output, includ-
ing the model [32]. However, BPMN offers a rich palette of modeling
constructs with only partially defined operational semantics. Currently,
the LLM deals with this aspect. However, a formal representation such
as Process Structure Trees as output format would add a clear semantics
of the process model and compliance analysis results. Hence, we plan

6 https://github.com/com-pot-93/bpmn-converter/tree/main, last access
03 February 2026.
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to integrate RC4PC into our conversational process modeling approach
using Process Structure Trees that provide guarantees of soundness and
block-structuredness (see autobpmn.ai).

Beyond choices related to the representation of process models,

recent work has emphasized the importance of process model under-
standing [62]. Tasks such as translating text into a model [33] (or
code [34]) and vice versa [32] (cf. Section 2) implicitly assess how
well LLMs comprehend process semantics. However, these tasks have
traditionally focused almost exclusively on control-flow, leaving other
dimensions such as data flow or resource assignment, underexplored.
More recent studies begin to address this gap by explicitly investigating
LLM’s ability to reason about data- and resource-related aspects of
processes [62]. These results show that LLMs benefit from their broad
pre-training and perform well on general-domain benchmarks. Other
studies indicate that providing LLMs with explicit process knowledge,
such as process rules, improves their ability to follow process logic and
reduces errors during execution [63]. In a related direction, unsuper-
vised evaluation based on round-trip correctness has been proposed
to assess whether models preserve semantics across transformations,
rather than relying on lexical similarity or pattern-based matching
alone [64].
Usage of LLMs in general. We opt for LLM-based implementation of
Steps 1 and 3 due to their strengths in dealing with textual information,
including the provision of feedback about compliance deviations to
users. Step 1 could also benefit from LLM robustness against noise in
regulatory documents. Studies such as [65] show that robustness de-
pends on different factors such as zero-shot detector, length of the text,
and formal/yinformal writing style. Despite the need to investigate this
point further, the question remains how robust alternative approaches
are. Aside noise, also ethical issues with LLMs arise, “including bias
and fairness, privacy and data security, misinformation and disinforma-
tion, transparency and accountability, intellectual property and plagiarism,
access and inequality” [66]. Several quality metrics for the results of
LLM-generated process models and descriptions have been proposed,
e.g., [32], also from regulatory texts such as GDPR [67]. We assess
the stability of the results in this work, but we also need to employ
and possibly suggest further quality metrics, especially in the area of
regulatory compliance.

7.2. Limitations of the datasets

This study represents the first attempt to investigate compliance de-
viations resulting from changes in requirements within process models,
and, as such, no dat sets was available containing multiple versions
of the same set of requirements. The experimental setup assumed a
one-to-one evolution, where a single requirement could evolve into a
newer version of itself;, however, more complex evolution scenarios,
such as one requirement splitting into several, or multiple requirements
being consolidated into one, were not addressed. The use of real-
world datasets and the analysis of requirement changes over time
could enable the identification of such cases, facilitate the discovery of
recurring change patterns and their associated compliance deviations,
and support the prediction of which requirements are more likely to
change and which parts of a process model are most susceptible to their
impact.

7.3. Requirement representation challenges

The deontic-based requirement representation adopted in this work
does not account for hierarchical relationships or inter-dependencies
between requirements, primarily due to the difficulty of extracting
such structures using LLMs, as highlighted in previous work on formal
rules extraction [49]. In practice, requirements often form defeasible
hierarchies within the same regulatory version. For example, in a
customer service process, a general requirement like “respond to all
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complaints within 5 days” may be overridden by a more specific one
such as “respond to urgent complaints within 2 days”. The general rule
is defeasible and defeated when the specific condition applies, forming
a hierarchy between requirements within the same version. Similar
limitations arise in contrary-to-duty scenarios [68], where secondary
obligations become applicable only after a violation of a primary one
(e.g., sending an apology after a response deadline has been missed).
Such cases are currently handled using preconditions to indicate when
a requirement applies, but this may not be sufficient for more complex
or interdependent requirements. While this supports basic applicability
distinctions, it does not fully capture richer normative structures such
as explicit priority relations, defeasibility, or obligations with in-force
intervals. Before adding such complexity, it is essential to first show
that the change hierarchy and RC4PC approach help users detect
compliance deviations and understand their causes.

The change hierarchy proposed in RC4PC was designed to be in-
dependent of any specific requirement representation. Although it is
demonstrated using our deontic-based representation, the change hi-
erarchy can be applied to other requirement representations, such
as Abstract Syntax Trees (ASTs) [5], Process Compliance Language
(PCL) [69], or Declare [70]. The end goal is to enable compliance
change management in a formalism-agnostic way. While this level of
abstraction was taken into account during the hierarchy’s design, the
current evaluation is limited to the proposed requirement representa-
tion, which constrains the generalizability of the empirical findings.
Extending it to other formalisms remains a promising direction for
future work.

7.4. Implications of assuming initial process compliance

One limitation arises because RC4PC assumes that the initial busi-
ness process model is fully compliant with the original version of the
requirements. This assumption is essential to isolate deviations intro-
duced by the requirement change from those that might have already
existed. To address this situation, RC4PC could be easily extended to
handle cases where initial compliance is unknown. A preliminary step
could be added, which involves using a compliance-checking algorithm
to identify any pre-existing deviations between the process model and
the initial requirements. After this assessment, RC4PC can be applied
to identify new or resolved deviations that result specifically from the
updated requirements. For example, if a timing constraint is relaxed,
an activity that was previously non-compliant may become compliant
in the updated version. While these results are promising, the method’s
effectiveness also depends on how accurately changes in requirements
are identified and interpreted, as discussed next.

7.5. Challenges in interpreting and tracing requirement changes

A challenge lies in identifying what has been added, deleted, or
modified in the set of requirements. To reduce complexity for RC4PC,
this information is assumed to be known, specifying which require-
ments were added, which were deleted, and which were modified. This
assumption was introduced since distinguishing between a modified
requirement vs. a case where one requirement is deleted, and another
quite similar one is added is not always straightforward. For example, if
a requirement originally states that Activity A must be completed within
2 h and is later replaced by Activity A must be completed within 4 h,
this would typically be classified as a modification. In contrast, if the
new requirement instead refers to Activity B with a different purpose
or context, it may be more appropriate to treat the original as deleted
and the new one as added. Defining clear criteria for this differentiation
is essential, as it directly impacts the interpretation of compliance
deviations and the traceability of requirement evolution.

Closely related to this is the open question of how to determine
which requirement has evolved into which, especially in the absence
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of explicit versioning information. In practice, this is often addressed
through tracking systems that maintain links between different versions
of the same requirement. For this reason, the question was not in the
scope of this paper. Nonetheless, it remains relevant, particularly when
individual requirements encapsulate multiple norms. As observed in
this paper, determining which specific norms have evolved into others
presents a similar challenge and deserves further investigation in future
work. For example, consider a requirement stating: Activity A must be
completed within 2 h and approved by a supervisor. If the new version
states: Activity A must be completed within 4 h and logged in the system,
it becomes unclear whether the time constraint was modified and the
approval obligation was removed, or whether the entire requirement
was replaced by a fundamentally different one with distinct normative
content.

In addition, while requirement evolution was assumed to be known
in this work, the relationship between individual requirements and
the elements of the process model was not. Ideally, a tracking system
should not only be applied to requirements themselves but should
also establish explicit links between requirements and process model
elements. Without such connections, it is not possible to state with
certainty whether a process model becomes over-compliant after a
change due to a lack of knowledge on whether a specific part of the
model was implemented to cover a regulatory requirement or whether
it reflects an inherent aspect of the process that cannot be relaxed.
For example, a process might include a safety check before starting
a machine. If the corresponding requirement is removed, the process
model may appear being over-compliant. However, this step may still
be indispensable for physical safety reasons, meaning it cannot be
eliminated without compromising the system’s functioning.

8. Conclusion

This paper presents RC4PC, an approach for automatically analyz-
ing the impact of regulatory requirement changes on business pro-
cess compliance by combining requirement formalization, hierarchical
change representation, and impact analysis to identify and reason about
compliance deviations, i.e., non-compliance and over-compliance. The
approach leverages LLMs to reduce manual effort in repeatedly in-
terpreting and re-formalizing changing regulatory requirements. The
evaluation across three domains demonstrates that RC4PC correctly
identifies the compliance deviations associated with changes, although
inconsistencies in representation occasionally reduced precision. More
precisely, all changes which had no compliance impact were correctly
identified, nearly all compliance deviations were correctly detected,
i.e., correct deviation type, reason, and reference on the process model,
and the changes referred to all four process dimensions (i.e., control
flow, time, data, resources), and the results did not favor any particular
dimension. On the downside, in some cases, the same part of the
requirement was formalized using different compliance patterns and ac-
tivity labels, even though it did not change. To extend its applicability,
future work will address more complex forms of requirement evolution,
where a requirement splits into multiple new ones, or multiple old
requirements are consolidated into one. With access to real-world
datasets, RC4PC could support the discovery of recurring change pat-
terns and enable predictive compliance analysis. Possible extensions
also include user studies to evaluate usability and interpretability,
the development of mitigation strategies for non-compliant cases, and
optimization techniques for addressing over-compliance.
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