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The growing scale of digital transformation increases organizational 

dependence on the accuracy of business process models, since BPMN diagrams 

now support not only documentation but also process automation, simulation, and 

integration with enterprise information systems. As business processes stretch 

across multiple subsystems, information flows, and organizational roles, structural 

errors introduced during modeling propagate into execution logic, causing 

deadlocks, ambiguous routing, and unpredictable behavior of process-aware 

information systems. Gateways are the BPMN elements responsible for branching 

and merging control flow, which are a particularly frequent source of such errors, 

since their correct use depends on a precise match between the number of 

incoming and outgoing sequence flows and the intended split or join semantics [1, 

2]. 

Contemporary research confirms that even models created by experienced 

analysts routinely contain constructs that violate the expected structural patterns of 

gateways, and that such violations propagate through subsequent modeling, 

simulation, and code-generation stages. The 2023 community-wide survey of 

Business Process Management (BPM) grand challenges identifies automated, 

quality-aware process (re)design among the priority research directions for the 

discipline, explicitly linking model correctness to the reliability of downstream 

automation [2]. Independent verification and validation studies based on the V-
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Model concept similarly demonstrate that structural inconsistencies discovered 

late in the enterprise-architecture lifecycle are substantially more expensive to 

correct than those detected at the modeling stage, since verification layers applied 

after implementation cannot compensate for ambiguities introduced by malformed 

control-flow elements [3]. Eye-tracking studies of model comprehension add a 

further argument for early, automated detection: structural ambiguities measurably 

increase readers’ cognitive load and reduce comprehension accuracy, which 

suggests that manual visual inspection of complex diagrams is an unreliable 

substitute for rule-based checking [5]. 

Among the various categories of BPMN structural errors, invalid gateway 

configurations deserve particular attention, because gateways encode the decision 

logic of a process and therefore have a disproportionate effect on its correctness. A 

gateway is expected to behave either as a split, propagating a single incoming 

token along several outgoing branches, or as a join, synchronizing several 

incoming branches into a single outgoing flow. Gateways that match neither 

pattern (e.g., those with a single incoming and a single outgoing flow, which are 

structurally redundant, or those with several incoming and several outgoing flows 

simultaneously, which conflate splitting and joining semantics within one 

element) should be treated as invalid gateways and flagged for redesign [1, 4, 6, 

8]. 

This chapter proposes a graph-based formalization of BPMN models that 

supports the automated detection of invalid gateways using the Average Gateway 

Degree (AGD) metric, complemented by an explicit structural rule for gateway 

validity. In addition, the chapter outlines an approach to generating user-friendly, 

explainable redesign recommendations by passing the computed AGD value and 

the identifier of the violated rule to a small language model, which produces 

natural-language guidance suitable for process participants without a formal 

computer science background. 
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For further analysis of gateway correctness, it is convenient to represent a 

BPMN model as a labelled directed graph: 

 

BPG = (N, A),         (1) 

where |N| is the number of nodes (i.e. the business process elements, 

including events, activities, sub-processes, and gateways), and |A| is the number of 

arcs (i.e. the sequence flows between elements). 

Each gateway g is a node g ∈  N whose local structural properties are fully 

described by two counts: in(g), the number of arcs incoming to g, and out(g), the 

number of arcs outgoing from g. This graph-based representation is consistent 

with prior formalizations of BPMN structural analysis [1, 8], and allows gateway-

related metrics to be computed directly from the arc set A, without requiring 

semantic interpretation of task labels. 

Graph-based representations of this kind underlie the majority of structural 

quality metrics proposed for BPMN models. Sadowska’s Model Assessment for 

Quality (MAQ) framework derives quality functions from a systematic review of 

BPMN quality metrics and demonstrates their applicability to a repository of real-

world models, treating gateway-related defects as one of the primary sources of 

quality loss [7]. Sánchez-González et al. address gateway complexity specifically, 

proposing statistically derived thresholds for gateway-related measures and 

showing that exceeding these thresholds correlates with a measurable increase in 

modeling and comprehension errors [8]. These results motivate a metric that 

aggregates gateway-level structural information into a single, threshold-

comparable indicator, while retaining the ability to identify individual invalid 

gateways rather than only reporting a model-wide score. 

The degree of a gateway g, denoted d(g), is defined as the total number of 

sequence flows connected to it, d(g) = in(g) + out(g). Averaging this quantity over 

the complete set of gateways of a business process model yields the Average 

Gateway Degree metric: 
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AGD = (1 / |G|) · Σg ∈  G d(g),       (2) 

where g is the gateway under analysis, g ∈  G, and G ⊆ N is the set of 

BPMN model gateways. 

AGD summarizes, at the model level, how heavily gateways are used for 

branching and merging; elevated AGD values typically indicate either genuinely 

complex decision logic or the presence of structurally invalid gateways that inflate 

the arc count without contributing meaningful routing semantics. 

According to BPMN modeling rules, a gateway is used correctly only if it 

behaves either as a split or as a join, that is, if it satisfies the following condition: 

 

(|in(g)| = 1 ∧  |out(g)| > 1) ∨  (|in(g)| > 1 ∧  |out(g)| = 1).   (3) 

 

A gateway that satisfies neither disjunct of expression (3) is considered 

structurally invalid. This covers two typical anomalies observed in real-world 

BPMN repositories: gateways with in(g) = 1 and out(g) = 1, which perform no 

actual branching or merging and should be removed or replaced with a direct 

sequence flow, and gateways with in(g) > 1 and out(g) > 1, which simultaneously 

merge multiple incoming branches and split into multiple outgoing branches, 

conflating join and split semantics within a single element and making the 

intended execution order ambiguous. The set of invalid gateways in a model is 

therefore defined as: 

 

Ginvalid = {g ∈  G | ¬[(|in(g)| = 1 ∧  |out(g)| > 1) ∨   

∨  (|in(g)| > 1 ∧  |out(g)| = 1)]},       (4) 

 

and the corresponding Invalid Gateway Ratio (IGR) is given by: 

 

IGR = |Ginvalid| / |G|.         (5) 
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While AGD (2) provides an aggregate, threshold-comparable indicator of 

gateway-related structural complexity, IGR (5) quantifies the proportion of 

gateways that fail the validity condition (3) and therefore require redesign. The 

two measures are complementary: a model may exhibit a moderate AGD value 

while still containing individual invalid gateways masked by the averaging 

procedure, which is why the detection procedure evaluates condition (3) for every 

g ∈  G rather than relying on AGD alone. This dual-metric approach follows the 

general BPMN quality assessment logic of complementing global structural 

indicators with rule-based validation of individual elements, similar to the 

modeling-rule checks proposed for other BPMN element types [6], and to the 

algorithmic error-detection and correction procedures developed for gateway-

heavy models [1, 4]. 

Beyond purely structural metrics, recent research increasingly investigates 

how automated verification and AI-assisted techniques can support the detection 

and correction of business process modeling errors in complex, multi-subsystem 

environments. Formal verification and validation using the V-Model concept has 

been applied to business processes described within a broader enterprise 

architecture, transforming process descriptions into layered test artifacts and 

demonstrating that many structural defects (including malformed gateways) are 

traceable to the absence of a systematic verification stage between business and 

technology layers [3]. This finding is consistent with the community-wide 

identification of automated, quality-aware process (re)design as one of the priority 

open problems in BPM [2]. 

The consequences of leaving such defects undetected are not merely 

computational. Eye-tracking evidence shows that ambiguous process constructs, 

including inconsistently used gateways, significantly increase readers’ cognitive 

load and reduce comprehension accuracy across pragmatic, semantic, syntactic, 

and lexical categories of ambiguity [5]. Because gateways are visually compact 
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yet semantically dense elements, an invalid gateway is particularly likely to be 

misread, which strengthens the case for flagging such elements automatically 

rather than relying on visual inspection by process participants without formal 

training. 

Prior software tools developed for BPMN structural analysis already 

operationalize related rules for other element types, including start, end, and 

intermediate events, tasks, and sub-processes, and combine them into a single 

weighted quality measure computed as the weighted sum of individual element 

assessments [1], [6]. Algorithmic solutions for business process model analysis 

and correction extend this line of work by proposing concrete redesign actions for 

detected structural violations, rather than merely reporting a numeric quality score 

[4]. The AGD-based detection rule proposed in this chapter, expressions (2)–(5), is 

intended to complement this toolchain specifically for the gateway element 

category, for which general element-level rules do not fully capture the split/join 

distinction central to correct BPMN execution semantics. 

Detecting an invalid gateway is only the first step of quality improvement; 

the detected violation must also be communicated to the model’s author in a form 

that supports an informed redesign decision. Purely numeric output, such as 

reporting that a gateway violates condition (3) with in(g) = 2 and out(g) = 2, is 

unambiguous for a modeling tool but rarely actionable for a business analyst 

without a formal computer science background. Conversational process modeling 

research demonstrates that natural-language interaction with generative AI can 

substantially lower this barrier, both for creating and for refining process models 

under human supervision [10], and prompt engineering studies confirm that 

carefully structured, minimal prompts are sufficient to elicit targeted semantic 

improvements from a language model without requiring it to reprocess the entire 

diagram [11]. Recent benchmarking of large language models on business process 

modeling tasks further shows that output quality on such structured tasks depends 
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less on raw parameter count than on the precision of the input prompt and the 

narrowness of the requested output [12]. 

These findings motivate an explainable recommendation layer built on small 

language models (SLMs) rather than large, cloud-hosted LLMs. Because the 

AGD-based detection procedure already isolates the exact cause of the violation 

(i.e. the gateway identifier, its computed degree d(g), and the specific disjunct of 

condition (3) it fails) the language model does not need to analyze the full BPMN 

diagram or reason about global process semantics. It only needs to translate a 

compact, already-diagnosed structural fact into a clear, non-technical explanation 

and a concrete redesign suggestion, for example replacing a single gateway with 

in(g) > 1 and out(g) > 1 by a pair of gateways of the same type, one performing 

the join and the other performing the split. A prompt of this kind, containing only 

the gateway identifier, the value of d(g), and the identifier of the violated rule, is 

well within the capability of instruction-tuned SLMs in the 1–4-billion-parameter 

range, which additionally offer three practical advantages over larger, general-

purpose LLMs for integration into a BPMN modeling tool: 

– they can run locally or on-premises, avoiding the transfer of potentially 

confidential process models to third-party services; 

– they respond with substantially lower latency, which matters for interactive, 

diagram-editing workflows; 

– they can be deployed on standard workstation or CPU-only hardware after 

quantization, removing the operational cost associated with cloud-hosted 

inference. 

Two publicly available instruction-tuned SLMs are considered representative 

candidates for this task: 

1. Qwen2.5-1.5B-Instruct is a compact part of the Qwen2.5 model family, 

tuned for instruction following at a size suitable for near-real-time, on-device 

inference [13]. 
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2. Gemma 3 4B-it, the instruction-tuned 4-billion-parameter variant of the 

Gemma 3 family, offers a larger capacity that may improve the fluency and 

consistency of generated explanations at a still-modest hardware footprint [14]. 

These two models are compact enough to be embedded directly into a BPMN 

modeling tool or its plugin, and their comparative evaluation on the invalid-

gateway explanation task, measuring the correctness, clarity, and actionability of 

generated recommendations against expert-authored reference explanations, which 

constitutes a natural extension of the intelligent technology outlined in this 

chapter. 

To illustrate the proposed detection and recommendation pipeline, consider a 

simplified order-approval fragment of a larger enterprise process, in which a single 

Exclusive Gateway simultaneously receives two incoming sequence flows from 

parallel validation tasks and produces two outgoing flows toward different 

approval branches (Fig. 1). 

 

Fig. 1. Example BPMN fragment with a gateway violating condition (3) – 

in(g) = 2, out(g) = 2. 

 

Applying condition (3) shows that in(g) = 2 and out(g) = 2 for this gateway, 

so neither disjunct holds, and the gateway is added to Ginvalid according to 

expression (4). The computed local degree, d(g) = 4, together with the identifier of 

the violated rule, is passed to considered SLMs, which return plain-language 
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explanations together with suggested redesign by splitting the element into a join 

gateway followed by a separate split gateway (Fig. 2). 

 

 

Fig. 2. Prompt, SLM-generated explanations and redesign recommendations 

obtained: (a) used prompt; (b) Qwen2.5-1.5B-Instruct; (c) Gemma 3 4B-it 

 

A preliminary qualitative comparison of two representative SLMs on the 

invalid-gateway explanation (Fig. 1) illustrates both the promise and the current 

limitations of the proposed approach. Given the minimal, issues-only prompt 

described above, containing only the gateway identifier, in(g), out(g), and the 

violated disjunct of condition (3), for the mixed gateway of Fig. 1 (in(g) = 2, 

out(g) = 2), Qwen2.5-1.5B-Instruct [13] and Gemma 3 4B-it [14] produced quite 

different explanations (Fig. 2). 
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1. Qwen2.5-1.5B-Instruct inverted the underlying validity rule, describing a 

correctly configured gateway as one requiring exactly one incoming and one 

outgoing flow, which is precisely the redundant-gateway anomaly rather than the 

valid split/join pattern defined by condition (3). 

2. Gemma 3 4B-it, by contrast, restated the validity rule correctly and in 

accessible language, framing the gateway’s fault as an inability to simultaneously 

merge and branch. Its proposed redesign, however, addressed only the outgoing 

side of the violation, converting the element into a single-input, single-output 

decision gateway while leaving the two incoming flows unresolved. The resulting 

redesign therefore still violates condition (3), even though the explanation 

preceding it reads as complete and self-consistent. 

Neither model reproduced the redesign implied by the detection procedure 

itself, assuming decomposing an invalid gateway into a dedicated join 

immediately followed by a dedicated split of the same type. These observations 

suggest that model scale alone does not guarantee redesign correctness – the larger 

Gemma model improved rule articulation but did not close the gap on prescriptive 

completeness, and its well-organized, confident output arguably makes an 

incomplete fix harder to detect than Qwen’s more visibly flawed one. This points 

to two directions for the evaluation planned as future work: 

– scoring redesign completeness against expert-authored corrections, in 

addition to explanation correctness; 

– testing whether naming the target join-then-split decomposition explicitly 

in the prompt closes the omission observed for Gemma 3 4B-it without 

reintroducing the verbosity the minimal prompt design was intended to avoid. 

The results discussed in this chapter demonstrate that gateway-related 

structural errors remain a persistent and consequential category of BPMN 

modeling defects, whose detection benefits from combining a graph-based 

formalization of business process models with an explicit, rule-based definition of 

gateway validity. The proposed Average Gateway Degree metric (2), together with 
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the split/join validity condition (3) and the derived invalid gateway set (4) and 

ratio (5), operationalizes the detection of invalid gateways in a form directly 

implementable within existing BPMN analysis toolchains [1, 4, 6]. Because purely 

numeric detection results are of limited value to process participants without a 

technical background, the chapter further outlined an explainable recommendation 

layer that passes the diagnosed AGD value and the violated rule to a compact, 

instruction-tuned small language model, allowing near-real-time, on-premises 

generation of user-friendly redesign guidance. 

Future work includes the empirical evaluation of the proposed detection rule 

on large-scale BPMN repositories, such as the Camunda GitHub collection of 

business process models used in related studies [6], as well as a comparative 

assessment of the two considered SLMs (Qwen2.5-1.5B-Instruct and Gemma 3 

4B-it) against expert-authored redesign recommendations, in order to select the 

configuration offering the best trade-off between explanation quality and 

deployment cost for integration into intelligent information technology for 

business process model quality assessment. 

Declaration on the use of generative AI. During the preparation of this 

chapter, the author used Grammarly for grammar and spell checking, as well as 

Claude Sonnet 5 for literature search support, reference formatting, and rephrasing 

of the text. After using these tools, the author reviewed and edited the content as 

necessary and takes full responsibility for this content. 
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