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The related works formalize a BPMN model as a labelled directed graph and 

derives the Average Gateway Degree metric as a threshold-comparable indicator 

of gateway-related structural complexity, together with an explicit split/join 

validity condition for individual gateways [1 – 6]. 

That formalization is deliberately crisp – a model either exceeds the adopted 

threshold or it does not, and a gateway either satisfies the validity condition or it is 

added to the invalid set. Crisp thresholds are convenient for automated flagging, 

but they discard information that a process participant actually needs, namely how 

confidently a given decision or synchronization point can be read at a glance. 

A gateway with an average degree of 3.1 and one with an average degree of 9 

are both, in binary terms, “above threshold”, yet the second is self-evidently 

harder to trace through than the first. This chapter attaches a fuzzy membership 

function to the AGD metric so that the degree of structural ambiguity is expressed 

on a continuous 0–1 scale rather than as a “pass” or “fail” flag, and specifies the 

algorithm that turns this graded estimate, together with the enumerated set of 

individually invalid gateways, into an explainable diagnostic report. 

The resulting construction is intended to answer a single, practically 

motivated research question: how likely is it that participants will routinely 

misread which paths are active because the typical decision or synchronization 

point in this process is connected to many flows? 
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Framing the question this way shifts the unit of analysis from a binary model 

defect to a graded, human-centred risk estimate, which is consistent with eye-

tracking evidence that structural ambiguity in process diagrams increases 

cognitive load and lowers comprehension accuracy in proportion to its severity 

rather than as an all-or-nothing effect [5]. 

Consistent with the graph-based representation adopted in the existing 

studies, a business process model is represented as a labelled directed graph: 

 

BPG = (N, A),         (1) 

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

activities, sub-processes, and gateways), and |A| is the number of arcs, i.e. the 

sequence flows connecting them. 

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

captured by in(g), the number of arcs entering g, and out(g), the number of arcs 

leaving g; the degree of the gateway is d(g) = in(g) + out(g). 

Averaging the gateway degree over the complete gateway set of a model 

yields the Average Gateway Degree metric: 

 

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 [1]. 

Statistically derived thresholds for closely related gateway-complexity 

measures have been shown to correlate with a measurable increase in modelling 

and comprehension errors once exceeded [8], and comparable quality functions 

built from repository-wide metric distributions treat gateway-related defects as a 

primary source of structural quality loss [7]. 

A gateway is used correctly only if it behaves either as a split or as a join, i.e. 

if it satisfies: 
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(|in(g)| = 1 ∧  |out(g)| > 1) ∨  (|in(g)| > 1 ∧  |out(g)| = 1).   (3) 

 

A gateway satisfying neither disjunct of (3) is structurally invalid – the set of 

invalid gateways in a model is: 

 

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

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

 

The minimal degree admitted by (3) is d(g) = 3, attained either by the 

smallest valid split (in(g) = 1, out(g) = 2) or the smallest valid join (in(g) = 2, 

out(g) = 1); any gateway degree below 3 is structurally impossible under (3), and 

this analytically derived lower bound is adopted below as the threshold AGDthreshold 

= 3. 

Because AGD aggregates degrees across the whole gateway set, it can remain 

moderate even while individual gateways in Ginvalid inflate it substantially, and 

because the transition from an unambiguous to an ambiguous decision point is 

gradual rather than abrupt, a crisp comparison against AGDthreshold is replaced with 

a fuzzy membership function: 

 

μ(AGD) = 1, AGD ≤ AGDthreshold; AGDthreshold / AGD, else.   (5) 

 

The value of μ(AGD) is interpreted as the degree of membership of the model 

in the fuzzy set “gateway connectivity remains within an easily traceable range”: 

– it equals 1 for AGD at or below the analytically derived threshold of 3; 

– it decreases hyperbolically as AGD grows beyond it, asymptotically 

approaching, but never reaching, zero. 

The complementary quantity, 1 – μ(AGD), operationalizes the likelihood 

posed in the research question above – the estimated probability that a participant 

misreads which paths are active at a typical decision or synchronization point of 
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the model – and is the value reported to the model’s author alongside each flagged 

gateway: 

 

Lerror = 1 – μ(AGD).         (6) 

 

Fig. 1 plots this relationship: μ(AGD) is flat at 1 for AGD ≤ 3, drops sharply 

immediately above the threshold, and flattens into a long tail for large AGD. This 

shape is deliberately conservative, since it penalizes a model that only marginally 

exceeds the threshold less harshly than one with genuinely dense gateway 

connectivity, while never declaring a heavily overloaded model perfectly safe. 

 

 

Fig. 1. Fuzzy membership function μ(AGD) derived from expression (5), with 

AGDthreshold = 3. 

 

Detecting individually invalid gateways and estimating the model-level 

misreading likelihood are complementary diagnostics, for the same reason the 

related works treat its aggregate and per-element measures as complementary [1]: 

a model may sit safely below AGDthreshold while still containing individually invalid 

gateways masked by the averaging in (2). 

The procedure below accordingly restricts the more expensive per-gateway 

scan of condition (3) to the case AGD > AGDthreshold, accepting a small risk that a 
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model at or below the threshold masks an occasional invalid gateway whose effect 

on the average is offset by adjacent well-formed gateways; this trade-off favors 

computational economy on large model repositories over exhaustive per-element 

coverage of every model. 

To illustrate Algorithm 1 (Fig. 2), consider a purchase-to-pay fragment with 

|G| = 6 gateways of degree 3, 3, 4, 3, 6, and 9, respectively, the last two 

corresponding to two mixed gateways: one with in(g) = 3, out(g) = 6, the other 

with in(g) = 4, out(g) = 5. 

 

 

Fig. 2. Fuzzy-based invalid-gateway diagnosis with likelihood-aware 

recommendation generation 
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Step 1 gives AGD = 28 / 6 ≈ 4.67; because AGD exceeds AGDthreshold = 3, step 

3 applies. 

Step 3.1 yields μ(AGD) = 3 / 4.67 ≈ 0.64, i.e. a misreading likelihood of 

approximately 36%. 

Step 3.2 flags both mixed gateways as members of Ginvalid, since neither 

in(g) = 3, out(g) = 6, nor in(g) = 4, out(g) = 5, satisfies either disjunct of (3). 

Step 3.4 assembles the report in condensed form: 

 

R = Rmodel ⊕ Rgateway(g1) ⊕ Rgateway (g2) ⊕ … ⊕ Rgateway (gk),  (7) 

where ⊕ denotes text concatenation (sentence-level join), k = |Ginvalid|, Rmodel 

is a model-level template: 

Rmodel = “Model-level assessment: average gateway degree ⟨ AGD⟩  

exceeding the unambiguous-reading threshold of ⟨ AGDthreshold⟩ . Estimated 

likelihood that a participant misreads the active path at a typical decision or 

synchronization point: ⟨ 100 · Lerror)⟩ %. Thus, ⟨ k⟩  gateway(s) require 

redesign.”, 

Rgateway(g) is a gateway-level template: 

Rgateway(g) = “Gateway ⟨ id(g)⟩  (in = ⟨ in(g)⟩ , out = ⟨ out(g)⟩ , 

degree = ⟨ d(g)⟩ ) ⟨ φ(g)⟩ ”, 

and φ(g) is a case-dependent verb phrase selecting between the two anomaly 

patterns excluded by (3): 

– φ(g) = “simultaneously merges ⟨ in(g)⟩  branches and splits into ⟨ out(g)⟩ : 

replace it with a dedicated join (in = ⟨ in(g)⟩ , out = 1) immediately followed by a 

dedicated split (in = 1, out = ⟨ out(g)⟩ ).”, if in(g) > 1 ∧  out(g) > 1 (conflated 

split/join); 

– φ(g) = “neither merges nor splits any branches: replace it with a dedicated 

activity or remove it.”, if in(g) = 1 ∧  out(g) = 1 (redundant gateway). 
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The output R of Algorithm 1 is intended to feed the same class of algorithmic 

redesign toolchains already proposed for BPMN structural correction [4], and its 

natural-language report format follows the conversational-modelling rationale 

established for making structural diagnostics accessible to process participants 

without a formal computer science background [9 – 11]. 

Because the report requires only the diagnosed AGD value, the identifier of 

each invalid gateway, and the violated rule as input, it is compact enough to be 

produced either by a fixed textual template, as illustrated in details by Algorithm 2 

(Fig. 3), or by delegating step 3.4 to a small instruction-tuned language model, or 

even by passing the output R of step 3.4 to a small language model to improve the 

recommendation formulated for a user. Recent benchmarking confirms that output 

quality on such narrowly scoped structured tasks depends more on prompt 

precision than on model scale [12], which favors the minimal, already-diagnosed 

input used here over reprocessing the full diagram. 

 

Fig. 3. Building the natural-language report R 
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Fig. 4 outlines the proposed computational model: the left panel covers steps 

1–3 of the Algorithm 1 – computing AGD, branching on the threshold comparison, 

and, when triggered, computing μ(AGD) and assembling Ginvalid – while the right 

panel expands step 3.4 elaborated by Algorithm 2 into its four constituent sub-

steps, 3.4.1 – 3.4.4, following the template introduced above. 

Alongside the conflated split/join anomaly (in(g) > 1 ∧  out(g) > 1), a 

redundant gateway (in(g) = 1 ∧  out(g) = 1) is routed through a separate branch of 

φ(g), since a gateway with no actual branching or merging role does not admit the 

join-then-split decomposition and is instead resolved by replacing it with a single 

activity or removing it outright. 

The two panels of Fig. 4 correspond directly to the boundary already drawn 

between AGD-level and gateway-level diagnostics in the discussion of Algorithm 

1: the left panel is a deterministic function of expressions (2)–(5) alone, while the 

right panel is a text-generation layer that consumes only the compact tuple (id(g), 

in(g), out(g), d(g), φ(g)) per invalid gateway – the same minimal input profile 

argued earlier to be within reach of either a fixed template or a small instruction-

tuned language model. 

Because the two stages communicate through a single, fully specified 

interface (the set Ginvalid together with the scalar AGD and μ(AGD)), either stage 

can be modified independently: the diagnosis stage could be re-implemented 

against a different graph representation without touching the report templates, and 

the report-construction stage could be swapped from template text to an SLM-

generated one, as discussed above, without altering the diagnostic logic on the left. 

Embedding a graded likelihood estimate into the detection pipeline also 

responds to a broader, repeatedly identified gap in BPM research: automated, 

quality-aware process (re)design remains an open community priority [2], and 

independent verification studies built on layered enterprise-architecture models 

confirm that structural defects, including malformed gateways, are cheapest to 
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correct at the modelling stage itself, before they propagate into execution or 

simulation layers [3]. 

 

Fig. 4. Computational model of the gateway diagnosis and likelihood-aware report 

construction 
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A likelihood estimate attached directly to the model, rather than surfaced as a 

downstream test failure, moves detection closer to that earliest and least costly 

stage. It also complements repository-scale quality functions that score BPMN 

models against a broad catalogue of element-level rules [9, 13]: while such 

functions establish whether a model is acceptable overall, μ(AGD) and the 

accompanying per-gateway report target specifically the subset of defects most 

strongly implicated in participant misreading, which prompt-engineering studies 

on process models identify as a distinct failure mode from purely structural 

incompleteness [11]. 

The proposed extension of the AGD metric replaces its binary threshold 

comparison with the fuzzy membership function μ(AGD) (5), grounded in the 

analytically derived minimal valid gateway degree of 3, and pairs it with 

Algorithm 1, a four-step procedure that computes μ(AGD), evaluates the split/join 

validity condition (3) for every gateway once the aggregate signal is triggered, and 

assembles a natural-language report expressing both the estimated model-level 

misreading likelihood and a concrete redesign action for each individually invalid 

gateway. Because the algorithm’s output depends only on quantities already 

produced by the graph-based formalization – AGD, the members of Ginvalid, and 

the violated disjunct of (3) for each – it can be adopted by any BPMN analysis 

toolchain implementing that formalization without additional instrumentation. 

Future work includes calibrating AGDthreshold and the shape of μ(AGD) empirically 

against the Camunda GitHub model repository used in the related works [1, 6], 

and validating the reported misreading likelihood against controlled 

comprehension experiments of the kind used to study ambiguity effects in process 

diagrams [5]. 

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

chapter, the author used Claude Sonnet 5 for literature search support, reference 

formatting, and rephrasing of the text. After using this tool, the author reviewed 

and edited the content as necessary and takes full responsibility for this content.   
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