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Preface

In today’s dynamic and ever-evolving digital landscape, applied informatics plays
a pivotal role in shaping the future of technology. From advancing artificial intelli-
gence and data science to strengthening cybersecurity, optimizing cloud networks,
and supporting educational processes, the realm of applied informatics continues to
drive innovation and transformation across industries. These current proceedings
feature contributions from the 13th International Conference on Applied Infor-
matics (ICAI 2026), which was held in Eger, Hungary on February 19–21, 2026.
These research papers explore novel insights, innovative methodologies, and prac-
tical applications within the field of computer science and informatics. Each of
them represents a valuable contribution to the applied informatics field and offers
insights that bridge the gap between theory and practical application. They are a
testament to the diversity and dynamism of our field, showcasing a wide range of
research topics and applications.

The ICAI Conference series is traditionally held in Eger in every 3 years, and is
jointly organized by the Eszterházy Károly Catholic University and the University
of Debrecen. The conference is oriented towards professional exchange of ideas in
the field of Applied Informatics. Reflecting the rapidly expanding horizons of the
discipline, the conference covers a rich spectrum of domain areas, including:

• Artificial Intelligence including Machine Learning
• Computer Aided Geometric Modeling and Computer Graphics
• Computer Networks and Cloud Services
• Theoretical Computer Science
• Data Science including Database Systems
• Education
• Applications of Informatics
• Functional Programming
• Operational Research
• Security and Cryptography
• Smart Solutions including Embedded systems
• Software Design and Object-Oriented Programming
• Testing and Verification including Formal Methods
• Data Visualization
• Quantum Informatics
• Simulation and Modeling
• Applied Mathematics

The goal of the conference is to provide a forum for the discussion of academic
research and industry, fostering interdisciplinary collaboration across these diverse
topics.

https://icai.uni-eszterhazy.hu/2026 1https://icai.uni-eszterhazy.hu/2026 1https://icai.uni-eszterhazy.hu/2026 1
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Shop Scheduling Problem
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Abstract. In this article, a common production scheduling task is presented
and solved. This problem is the Flow Shop Scheduling. During the problem,
given n jobs and m machines. All jobs must be processed in the same machine
order. A job can only be started on a given machine if the processing on the
previous machine has already been completed and the machine is free. The
objective function of the problem is the minimization of the makespan. In
this paper, two Hybrid Ant Algorithms were applied to the problem and
solved the Taillard benchmark dataset. These two algorithms are the Hybrid
Ant Colony System with Simulated Annealing and the Hybrid Rank Based
Version of Ant System with Simulated Annealing.

Keywords: Ant Colony System, Rank Based Version of Ant System, Flow
Shop Scheduling

2020 Mathematics Subject Classification: Primary 90B35; Secondary 90C59,
68W40, 90C27

1. Introduction
The efficient use of available resources is a key issue in the operation of modern in-
dustrial and service systems. During production, many tasks have to be performed
on different machines, either in a specific order and possibly under a time limit.
This falls under the task of production scheduling. The goal is usually to optimize

Supported by the University Research Scholarship Program of the Ministry for Culture and
Innovation from the source of the National Research, Development and Innovation Fund.
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some performance indicators. The performance indicator can be, for example, min-
imizing lead time, increasing machine utilization, reducing delays, minimizing the
makespan.

Flow Shop Scheduling [19] is a common problem in production scheduling tasks,
where n jobs and m machines are given. During the problem, all jobs must be
processed in the same machine order. A job can only be started on a given machine
if the processing on the previous machine has already been completed and the
machine is free. The common objective function of the problem is to minimize the
makespan. Over the years, many variations of the problem have been developed
to suit real industry needs. Some of these specific constraints, types, and objective
functions are as follows: In the case of Permutation Flow Shop Scheduling Problem
(PFSP) [29] the jobs are processed in the same order on each machine. Non-
permutation Flow Shop Scheduling Problem [26] is the case, when the order of
jobs can vary from machine to machine. Blocking Flow Shop Scheduling Problem
[30] is a task, when there is no buffer capacity between machines in the system.
If the next machine is busy, the job on the previous machine will occupy that
machine. No-wait Flow Shop Scheduling Problem [25] means that there can be
no waiting between two consecutive operations. No-idle Flow Shop Scheduling
Problem [24] is a case, when machines cannot stop between two consecutive jobs. In
the case of Flexible Flow Shop Scheduling Problem [11], multiple parallel machines
are available in one or more operation stages. Distributed Flow Shop Scheduling
Problem [16] means, that the system contains multiple factories (production sites).
The jobs have to be distributed among them. In the case of Stochastic Flow Shop
Scheduling Problem [14] some parameters of the job are represented as random
variables. Multi-objective Flow Shop Scheduling Problem [20] is a task, when
multiple objective functions are optimized simultaneously.

In the following, some important publications are presented where the authors
used the Ant Colony System algorithm to solve certain Flow Shop tasks.

Li Xiangyong, Baki Md Fazle and Aneja Yash P [13] investigated a Flow Shop
Scheduling Problem with batching and the assumption of item availability with
m machines. The objective of the problem is to minimize the total completion
time. A single operator is required to process the jobs and set up the machines.
At most one machine can be active in the system at a time. Each job needs to
be processed only once. Data sets of different difficulty were used during testing.
The sizes were as follows, where m is the number of machines and n is the number
of jobs: (m = 2, n = 5), (m = 2, n = 10), (m = 3, n = 10), (m = 5, n = 10) and
(m = 3, n = 20).

Chaouch Imen, Driss Olfa Belkahla and Ghedira Khaled [9] used a modified Ant
Colony algorithm. They investigated a special version of the Flow Shop schedul-
ing problem (Distributed Job Shop Scheduling Problem). In this model, jobs are
distributed among different, geographically separated factories. The goal is to min-
imize the makespan. The following Ant Colony algorithms were used to solve the
problem: ACO, Ant System (AS) and Modified Ant Colony Optimization (MACO).
The model assumes that the tasks are independent of each other. Once a task is

4 Proceedings of the ICAI 20264 Proceedings of the ICAI 20264 Proceedings of the ICAI 2026
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assigned to a factory, it cannot be moved to another factory later. Interruption of
operations is not allowed. A machine can only execute one operation at a time.
The tests were performed on the well-known Taillard benchmark datasets.

Komaki GM, Sheikh Shaya and Malakooti Behnam [12] present a Flow Shop
model that also includes assembly operations. The assembly Flow Shop system
consists of a manufacturing or machining phase and then an assembly phase. The
final products are assembled in a hierarchical structure. So, each component must
first be machined separately. Then, the components must be assembled accord-
ing to the predefined structure. The paper describes several different optimization
methods, such as Artificial Bee Colony, Ant Colony Optimization, Genetic Algo-
rithm, Particle Swarm Optimization, Simulated Annealing, Tabu Search, Variable
Neighborhood Search. The objective function under study has several components:
minimizing the makespan, reducing the total completion time, minimizing delays,
and reducing inventory holding costs.

Chen Zhen, Zheng Xu, Zhou Shengchao, Liu Chuang and Chen Huaping [10]
apply a Quantum-Inspired Ant Colony Optimization Algorithm (QIACO). The
model uses two-phase permutation scheduling and batch processing machines in
the Flow Shop task. During the operation of the algorithm, the ants are divided
into two groups: one group prefers larger jobs, while the other selects smaller ones.

Ying Kuo-Ching and Liao Ching-Jong [28] use the Ant Colony System (ACS)
algorithm to solve the Flow Shop Sequencing Problem. The results are also com-
pared with other metaheuristic methods. The performance of the algorithm is
tested on problems of different sizes during the experiments.

We can find many hybrid metaheuristic approaches in the literature, where the
authors solve the classic Flow Shop problem or some variant of it. The article now
highlights some publications, where the Taillard benchmark dataset is solved by
the individual authors.

Zhou, Y., Chen, H., and Zhou, G. [31] solved the Taillard dataset with Invasive
weed optimization algorithm. Although the results were better than the NEH
algorithm, PSOvns and HDPSO, they were far from the best known value.

Wei, H., Li, S., Jiang, H., Hu, J., and Hu, J. [27] investigated the Hybrid
Simulated Genetic Algorithm and tested on the Taillard benchmark dataset. The
authors generated the initial values of the population not randomly, but with the
MinMax (MM) and Nawaz–Enscore–Ham (NEH) algorithms. The results were also
considerably distant from the best known value.

Tseng, L. Y., and Lin, Y. T. [23] developed and tested a hybrid Genetic Algo-
rithm on the Taillard benchmark dataset. The GA algorithm was hybridized with
two Local Search algorithms. The results were also not close to the best-known
value.

Qu, C., Fu, Y., Yi, Z., and Tan, J. [17] tested the efficiency of the Flower
Pollination Algorithm on the Taillard dataset. The authors also presented the
results of hybridizing the Ant Colony Optimization algorithm with the Simulated
Annealing algorithm, which were also far from the best known value.

https://icai.uni-eszterhazy.hu/2026 5https://icai.uni-eszterhazy.hu/2026 5https://icai.uni-eszterhazy.hu/2026 5
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The importance of Simulated Annealing-based improvement

In the previous work of the author, several metaheuristic methods have been imple-
mented to solve Taillard benchmark problems. These algorithms were not applied
in a hybrid form, but as standalone approaches.

Based on the results, it can be observed that these purely metaheuristic meth-
ods generally show significant deviations from the best known solutions of the
benchmark datasets:

• Hill Climbing [3]

• Elitist Strategy of Ant System [3]

• Ant System [2]

• Rank Based Version of Ant System [4]

• MAX-MIN Ant System [1]

In this paper, a Simulated Annealing-based improvement approach is investi-
gated, which was tested on several benchmark datasets. The algorithm achieved
the best known value in many cases during each run. In those cases where devi-
ations from the best known value were observed, the deviations remained small.
Based on the relative standard deviation (RSD) values, it can be observed that the
algorithm showed stable behavior, since the fitness values of the solutions obtained
during different runs produced low standard deviations and, in many cases, nearly
identical results. This suggests that the method is robust.

The paper is structured as follows. Section 2 presents the applied algorithms.
Then Section 3 presents the test results. Section 4 provides a conclusion and future
research direction.

2. Applied algorithms
This section presents the applied algorithms: the Ant Colony System algorithm,
the Rank Based Version of Ant System algorithm, and Simulated Annealing.

2.1. Ant Colony System
The Ant Colony System [21] algorithm is a member of the Ant Colony Optimization
(ACO) algorithm family. ACO algorithms are nature-inspired metaheuristic algo-
rithms that maintain a population of solutions. They model the way ants search
for food.

Constructing a route [21]: Initially, each ant starts from a randomly selected
permutation element. At each step, the ants decide which permutation segment to
follow with a given probability.

6 Proceedings of the ICAI 20266 Proceedings of the ICAI 20266 Proceedings of the ICAI 2026
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The probability that ant k, which is lastly selected permutation element i, will
select element j in iteration t is given by:

pk
ij(t) = [τij(t)]α · [ηij ]β

∑︁
l∈Nk

i
[τil(t)]α · [ηil]β

when j ∈ Nk
i

where ηij = 1
dij

is the reciprocal of the distance between two elements. τij(t) is
the current pheromone level of the pair (i, j). α and β are pheromone and distance
control parameters. Nk

i denotes the set of elements not yet selected by ant k.

Global Pheromone Update [21]: During the algorithm, only the ant – which
represents the globally best solution – places pheromone.

The update is done using the following formula:

τij(t + 1) = (1 − ρ) τij(t) + ρ ∆τgb
ij (t)

where ∆τgb
ij (t) = 1

Lgb , Lgb is the fitness of the globally best ant, ρ is the evaporation
coefficient (0 < ρ ≤ 1) and τij(t) is the current pheromone level of the pair (i, j).
In this procedure, only the solution of best ant is updated.

Local pheromone update [21]: The algorithm also uses local updating:

τij = (1 − ξ) τij + ξ τ0
ij

where 0 < ξ < 1, τ0
ij is the initial pheromone level and τij is the current pheromone

value of the permutation pair (i, j).
This step reduces the pheromone level of the given edge, thus facilitating a

wider search space.

Steps of the algorithm

The algorithm consists of the following steps [21]:

1. Initialization of pheromone values. This can be done based on an initial
solution, or each edge can be given the same pheromone value.

2. Route construction.

• Random selection of initial permutation element (solution element).
• Calculating the selection probabilities of elements that have not yet been

selected.
• Select the next element.

3. Local pheromone update.

τij = (1 − ξ) τij + ξ τ0
ij
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4. Repeat the above steps until the ant has completed its route, i.e. the algorithm
has produced a solution.

5. Global pheromone update. After all ants have created their solution, we
perform an update on the best solution:

τij(t + 1) = (1 − ρ) τij(t) + ρ ∆τgb
ij (t)

6. Steps 2–3 are repeated until the stopping condition is met. The stopping con-
dition can be reaching a given number of iterations, convergence, or running
time.

2.2. Rank Based Version of Ant System
The Rank Based Version of Ant System (RBVAS) [7] is an improved version of
the Ant System algorithm. This algorithm is also a member of the Ant Colony
Optimization family. Only the best ants contribute to increase in pheromone values.
The algorithm ranks the ants in each iteration based on their fitness values:

L1(t) ≤ L2(t) ≤ · · · ≤ Lm(t)

The amount of deposited pheromone depends on the rank (r) of the ant. Only the
best (w − 1) ant of the current iteration deposits pheromone on the visited road
sections. The ant that provides the globally best solution will deposit pheromone
with weight w. The ant r deposits pheromone with the following weight:

max{0, w − r}

The modified pheromone update is done with the following formula:

τij(t + 1) = (1 − ρ) τij(t) +
w−1∑︂

r=1
(w − r) ∆τ r

ij(t) + w ∆τgb
ij (t)

where ∆τ r
ij(t) = 1

Lr(t) , ∆τgb
ij (t) = 1

Lgb , τij(t) is the pheromone level of edge (i, j)
in iteration t, ρ is the evaporation parameter.

Steps of the algorithm

The algorithm consists of the following steps [21]:

1. Initialization of pheromone values.

2. Route construction. Each ant constructs a solution in the following way:

• The ant randomly selects a starting solution (permutation) element.
• Then, it calculates the probability for each element (i, j), where i is the

last element of the partial solution and j is not yet included.
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The probability is given by:

pk
ij = [τij(t)]α[ηij ]β

∑︁
l∈Nk

i
[τil(t)]α[ηil]β

if j ∈ Nk
i

where:

• ηij = 1
dij

,
• τij(t) is the current pheromone level of pair (i, j),
• t is the iteration number,
• Nk

i is the set of elements not yet visited.

The next permutation element is selected based on the calculated proba-
bilities. The steps are repeated until a complete permutation (solution) is
obtained.

3. Pheromone update. After all ants have created their solutions, the phero-
mone values are updated. The modification is based on the globally best ant
and the best (w − 1) ants of the given iteration.
The update formula is:

τij(t + 1) = (1 − ρ) τij(t) +
w−1∑︂

r=1
(w − r) ∆τ r

ij(t) + w ∆τgb
ij (t)

where:

• ∆τ r
ij(t) = 1

Lr(t) ,

• ∆τgb
ij (t) = 1

Lgb ,
• ρ is the evaporation rate.

4. Iteration. Steps 2–3 are repeated until a stopping condition is met. This
can be reaching a given number of iterations, convergence, or a time limit.

2.3. Simulated Annealing
Simulated Annealing [6] is inspired by the metallurgical heat treatment process.
In the hardening of metals, the material is first heated to a high temperature and
then slowly cooled. As the temperature is gradually reduced, the material adopts
a lower-energy crystal structure.

During the search, random small modifications are taken to the current solution.
That is, generating neighbors of the current solution. If the new solution is better
than the current solution, it is accepted. If the new solution is worse, it can only
be accepted with a certain probability. This acceptance probability depends on the
energy change (∆E) and decreases when decreasing temperature (T ). In the initial
stages of the algorithm, worse solutions are more likely to be accepted. Accepting
worse solutions helps to escape from local optima.
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Steps of the algorithm

The algorithm consists of the following steps [6]:

1. Create an initial solution. Select a possible solution, which will be the
current solution: Scurrent.

2. Create a neighboring solution. Modify the current solution to produce
a neighboring solution: Sneighbor. In this study, the 2-opt [15] operator was
used to create the neighbor solution.

3. Calculate the energy change.

∆E = E(Sneighbor) − E(Scurrent)

4. Acceptance decision. If ∆E < 0, then the new solution is better, therefore:

Scurrent = Sneighbor

Otherwise, the new solution is accepted only with the following probability:

P
(︂

e−∆E/T > rand[0, 1]
)︂

5. Internal iteration. Steps 2–4 are repeated L times (process length).

6. Temperature reduction. This is done using the following formula:

T = α · T

7. Outer loop. Steps 2–6 are repeated until a stopping condition is met. The
stopping condition can be a given number of iterations, running time, or
convergence.

2.4. Improvement with Simulated Annealing
The presented algorithms were improved using the Simulated Annealing method.
The improvement was created in a similar way as in the publication [5] with the
difference that here the Simulated Annealing improvement was not performed as
the last step of each iteration, but as an intermediate step of the algorithm-specific
operators. In addition, an Iterative Simulated Annealing is also examined, when
the algorithm simply re-rans several Simulated Annealings.

The improvement with Simulated Annealing (similar to the publication [5]) was
performed in the following way for each iteration of the algorithm:

1. Generate and evaluate the initial population.

2. Iteratively perform the following operations until the stopping condition is
met:
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(a) Iterate over the elements of each population and perform the given
algorithm-specific operators on each element.

(b) Iterate over the elements of each population again and improve each
element using the Simulated Annealing method.

2.5. Problem representation
A permutation representation method is used for the task. The solution is described
as a sequence of jobs (a permutation) π = (π1, π2, . . . , πn). The permutation defines
a common processing order of jobs on all machines.

Let pk,g denote the processing time of job k on machine g, where n is the number
of jobs and m is the number of machines.

The completion time of the job at position t in the permutation on machine g,
denoted by Cg,t, is computed recursively as follows:

Cg,t = max(Cg−1,t, Cg,t−1) + pπt,g

with boundary conditions:

C0,t = 0 ∀t = 1, . . . , n, Cg,0 = 0 ∀g = 1, . . . , m.

The term Cg−1,t ensures that a job cannot start on machine g before it has
completed processing on the previous machine. Cg,t−1 ensures that machine g
processes jobs sequentially according to the permutation.

The objective function is makespan minimization (completion time of the last
job on the last machine):

Cmax = Cm,n.

3. Test results
This section presents the test results of the Taillard [22] dataset, which is a Flow
Shop Scheduling benchmark dataset. It is one of the most well-known test datasets
for production scheduling problems. It was published by Éric Taillard in 1993.
The Taillard examples contain problems of different sizes, consisting of different
numbers of jobs and machines. For the Taillard benchmark dataset, the objective
function is the makespan minimization. The tables consist of the following columns:
the Taillard dataset number, the minimum, maximum and average fitness GAP
values of the runs. The RSD values are also presented in the table.

The GAP value is calculated in the following way:

GAP(%) = Calg − Cbest
Cbest

· 100

where Calg is the objective function value obtained by the algorithm, Cbest is the
value of the best known solution, GAP(%) is the relative deviation in percentage.

https://icai.uni-eszterhazy.hu/2026 11https://icai.uni-eszterhazy.hu/2026 11https://icai.uni-eszterhazy.hu/2026 11

https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


A. Agárdi ICAI 2026

The RSD (Relative Standard Deviation) is calculated in the following manner:

RSD =

√︂
1

n−1
∑︁n

i=1(xi − x̄)2

x̄
· 100

3.1. Parameter settings and experimental environment
The algorithms were applied with the following parameter settings during the ex-
periments.

Hybrid Ant Colony System (HACS):

• number of ants: 35,

• evaporation rate (ρ): 0.8,

• pheromone effect (α): 1,

• heuristic information effect (β): 2,

• local update parameter (κ): 0.8.

Hybrid Rank Based Version of Ant System (HRBVAS):

• number of ants: 35,

• evaporation rate (ρ): 0.8,

• pheromone effect (α): 1,

• heuristic information effect (β): 2,

• rank-based weighting parameter (w): 6.

Simulated Annealing (SA):

• number of iterations: 4000,

• initial temperature: 1000,

• cooling rate (α): 0.1.

In the case of Ant-based algorithms, the stopping condition was the convergence.
During the evaluation of the experimental results, 10 independent runs were

performed for each test case. The algorithms were implemented in Java and run
on a personal computer. For the smallest problems, the running time was 20-30
seconds, while for the largest instances, the running time was significantly longer,
about 3-4 minutes.
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3.2. Hybrid Ant Colony System test results
The Table 1 shows the performance of the Hybrid Ant Colony System (HACS)
algorithm on the Taillard benchmark problem. The table includes the minimum,
maximum, and average GAP values from the best known (BK) solutions in per-
centage form. It also contains the RSD values.

Table 1. Statistical results of Ta for Hybrid ACS.

Ta Min Max Avg RSD Ta Min Max Avg RSD

1 matches best known 26 0.9883 1.4825 1.3208 0.1998
2 0.0000 0.0736 0.0074 0.0233 27 1.8038 2.3757 2.0326 0.2077
3 0.0000 0.3700 0.0370 0.1170 28 0.6818 2.0455 1.5636 0.5167
4 0.0000 0.3094 0.1160 0.1422 29 1.6987 2.4587 2.0563 0.3136
5 matches best known 30 1.2397 2.7089 2.2406 0.5936
6 matches best known 31 matches best known
7 0.4052 0.9724 0.4619 0.1786 32 0.1411 0.4587 0.2893 0.1438
8 matches best known 33 0.0000 0.1145 0.0305 0.0497
9 matches best known 34 0.0727 0.0727 0.0727 0.0000

10 matches best known 35 matches best known
11 0.7585 2.0228 1.5044 0.3280 36 0.0000 0.0707 0.0424 0.0387
12 0.7836 1.6275 1.1995 0.2685 37 0.0000 0.1101 0.0220 0.0492
13 1.4037 2.5401 1.7781 0.3423 38 0.0000 0.4100 0.2684 0.1974
14 0.5084 2.4691 1.4379 0.5675 39 0.1176 0.3527 0.2508 0.0941
15 0.4228 2.0437 1.0500 0.4803 40 matches best known
16 0.3579 1.2885 0.7731 0.2818 41 2.8753 3.6108 3.3768 0.2801
17 0.3369 1.4151 0.7884 0.3057 42 2.6160 3.5926 3.2368 0.3642
18 0.7802 2.1456 1.6450 0.3932 43 2.8179 4.0859 3.6210 0.4620
19 0.5022 1.0672 0.8035 0.2232 44 0.6856 1.5344 1.1688 0.3073
20 0.0000 1.6970 0.9742 0.4991 45 2.4530 3.3266 3.0712 0.3501
21 1.6108 2.4380 1.9417 0.3656 46 2.0625 2.5615 2.4152 0.2087
22 1.7151 2.0962 1.9438 0.1852 47 1.6166 2.2308 2.0045 0.2435
23 1.9776 2.3646 2.1152 0.1440 48 0.5927 1.9098 1.3434 0.5424
24 1.1696 2.1592 1.6104 0.3602 49 1.6569 2.5889 1.9468 0.3790
25 1.2658 2.0079 1.6150 0.2665 50 2.4796 3.1974 2.8516 0.2887

Small-scale problems (Ta1–Ta10) For small problems, HACS performs very
well. In several cases (Ta1, Ta5, Ta6, Ta8, Ta9, Ta10) the minimum, maximum and
average values are the same. Here, the GAP is 0% in all cases. For the Ta2–Ta4
instances, the maximum GAP is also low. For the Ta7 dataset, the average GAP
is 0.46%. This is still low. Here, Hybrid ACS is practically optimal or close to
optimal, and the variance is also minimal.

Medium-sized problems (Ta11–Ta30) Larger GAP values can be observed
in the case of medium-sized problems. The maximum GAP values are between
1.0-3.0%. For the Ta11–Ta20 instances, the average GAP is around 1%. For the
Ta21–Ta30 problems, however, in the most cases the average GAP exceeds 1.5%.
The maximum GAP values are below 2.0% in several cases.

Larger problems (Ta31–Ta50) For Ta31–Ta40 data, the GAP is again 0%
or very low in most of the test runs. For Ta31, Ta35 and Ta40 the test results
matches the best known values. For Ta41–Ta50 data, performance degradation is
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observed. The average GAP values are mostly between 2–3.6%. E.g. Ta43: avg
GAP ≈ 3.62%, Ta41: avg GAP ≈ 3.38%, Ta42: avg GAP ≈ 3.24%, Ta50: avg
GAP ≈ 2.85%.

Stability test (min–max difference) For smaller problems, the min and max
values are often the same, this means that the standard deviation is very low. For
larger problems, the min–max difference increases (e.g. Ta41–Ta50).

3.3. Hybrid Rank Based Version of Ant System test results
The Table 2 indicates the performance of the Hybrid Rank Based Version of Ant
System (HRBVAS) algorithm on the Taillard benchmark dataset. The table shows
the minimum, maximum and average fitness values for each problem, as well as the
deviations from the best known solution (GAP).

Table 2. Statistical results of Ta for Hybrid RBVAS.

Ta Min Max Avg RSD Ta Min Max Avg RSD

1 matches best known 26 1.1231 1.4376 1.2579 0.1331
2 matches best known 27 1.5398 2.1557 1.9534 0.2414
3 0.0000 0.3700 0.0370 0.1170 28 0.9545 2.7727 1.9182 0.6919
4 0.0000 0.3094 0.1237 0.1596 29 1.9222 2.3692 2.1368 0.1943
5 0.0000 0.1619 0.0162 0.0512 30 1.6988 2.7089 2.1212 0.3950
6 matches best known 31 matches best known
7 0.4052 0.4052 0.4052 0.0000 32 0.1411 0.4587 0.3035 0.1129
8 matches best known 33 0.0382 0.1145 0.0687 0.0418
9 matches best known 34 0.0727 0.0727 0.0727 0.0000

10 matches best known 35 matches best known
11 0.6321 1.6435 1.1631 0.3400 36 0.0000 0.0707 0.0424 0.0387
12 0.3014 1.6878 1.1875 0.3820 37 0.0000 0.2569 0.1908 0.1080
13 0.8690 2.2727 1.5508 0.4043 38 0.0000 0.4100 0.2013 0.2048
14 0.6536 1.5251 1.1983 0.2954 39 0.0784 0.3527 0.2665 0.1153
15 0.4933 1.6913 1.0500 0.4190 40 matches best known
16 0.0716 1.2885 0.7373 0.3593 41 3.0759 3.6108 3.3567 0.2225
17 0.4717 1.0108 0.7682 0.1761 42 2.8253 3.7321 3.3136 0.3500
18 0.7802 2.2757 1.5735 0.4255 43 3.3815 4.1916 3.6703 0.2956
19 0.5650 1.1299 0.9102 0.2180 44 1.1753 2.1221 1.6259 0.3334
20 0.8171 1.5085 1.1754 0.2192 45 2.9570 3.5282 3.1855 0.2225
21 1.4802 2.1332 1.8459 0.2971 46 1.9295 2.7944 2.3353 0.3752
22 1.2863 2.8109 1.8866 0.5808 47 1.8429 2.1662 2.0498 0.1374
23 1.2898 2.2786 1.7713 0.3783 48 1.5805 2.0086 1.8110 0.1696
24 1.4845 1.8444 1.6464 0.1583 49 1.8985 3.0376 2.4094 0.4898
25 1.4404 2.3134 1.8856 0.3512 50 2.5449 3.0669 2.8711 0.2139

Small-scale problems (Ta1–Ta10) In the case of Ta1-Ta10, the performance
of the algorithm gave extremely favorable results. In several cases, the minimum,
maximum and average values are the same. For most individuals, the algorithm
resulted in a GAP of 0%. There was a smaller difference only in the case of Ta3,
Ta4, Ta5 and Ta7. Here, the average GAP is between 0.016–0.4%.

Medium-sized problems (Ta11–Ta20) In this range, the GAP values are al-
ready higher. The average GAP is typically between 1–2%. The largest average

14 Proceedings of the ICAI 202614 Proceedings of the ICAI 202614 Proceedings of the ICAI 2026



ICAI 2026 Combination of Ant Algorithms and Simulated Annealing. . .

difference is observed in the case of Ta13 and Ta18. Here the difference is approx-
imately 1.5%. The minimum GAP in most cases is between 0.3–0.8%.

Large-scale problems (Ta21–Ta30) For these data sets, the average GAP
values are around 2% in most cases. In the case of Ta29 and Ta30, the average
difference already exceeds 2%. The minimum GAP is already above 1% for several
instances. In a larger search space, the result of the Hybrid RBVAS algorithm is
therefore further away from the best known result.

Large-scale problems (Ta31–Ta40) Here again an improving trend can be
observed. In several instances, the algorithm resulted in a minimum GAP value of
0% (e.g. Ta36, Ta37, Ta38). The average GAP values typically ranged between
0–0.4%. The stability of the algorithm is good, the standard deviation is moderate.

Largest size problems (Ta41–Ta50) Here again, a significant performance
degradation is observed. The average GAP values were between 2–3.6% in the most
cases. In the case of Ta43, the average deviation reached 3.67%. The maximum
GAP exceeds 3% in several run cases regarding Ta41-Ta50 test instances.

Summary evaluation The performance of the Hybrid Rank Based Version of
Ant System gave optimal or near-optimal results for small-scale tasks. Here, the
GAP values were between 0-0.4% in most of the cases. For medium-sized tasks,
the runs had a GAP value of around 1-2%. For Ta21-Ta30 individuals, the GAP
was already 1.5-2.8% in most of the test runs, while for Ta31-Ta40 the algorithm
is effective (0-0.45% GAP results).

3.4. Iterated Simulated Annealing algorithm results
The Table 3 presents the performance of the Iterated Simulated Annealing (ISA)
algorithm on the Taillard benchmark problems. The table includes the minimum,
maximum, and average fitness values, as well as their GAP values compared to the
best known solutions.

Small-scale problems (Ta1–Ta10) For most instances (Ta1–Ta3, Ta5–Ta6,
Ta8–Ta10) all runs reached the best known solution. In the case of Ta4 and Ta5,
minimal deviations are observed. Here the average GAP is 0.10% and 0.4%. For
small problems, the algorithm provides near-optimal solutions. The standard de-
viation here was low.

Medium-sized problems (Ta11–Ta30) In the case of medium-sized problems,
some deterioration can already be observed. However, the difference was mostly
around 1–2%. In the case of Ta11–Ta20, the average GAP values were between 0.7–
1.7%. The maximum GAP in several cases exceeds 2%. The min–max differences
are smaller, which means a relatively stable search. In the case of Ta21–Ta30, the
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Table 3. Statistical results of Ta for ISA.

Ta Min Max Avg RSD Ta Min Max Avg RSD

1 matches best known 26 0.8985 1.4376 1.2129 0.1935
2 matches best known 27 1.4078 2.3757 1.9358 0.3713
3 matches best known 28 1.3182 2.2727 1.9545 0.3622
4 0.0000 0.3867 0.1005 0.1631 29 1.0729 2.2798 1.8328 0.5240
5 matches best known 30 1.5611 3.3517 2.4793 0.7583
6 matches best known 31 matches best known
7 0.4052 0.4052 0.4052 0.0000 32 0.1411 0.4940 0.2541 0.1438
8 matches best known 33 0.0000 0.1145 0.0458 0.0418
9 matches best known 34 0.0727 0.0727 0.0727 0.0000

10 matches best known 35 matches best known
11 0.4425 2.0228 1.4349 0.4513 36 0.0000 0.0707 0.0566 0.0316
12 1.0247 1.7480 1.3804 0.2179 37 0.0000 0.2569 0.0514 0.1148
13 0.8690 2.2727 1.7380 0.3321 38 0.1118 0.4100 0.2758 0.1330
14 0.5084 1.5977 1.2128 0.3945 39 0.1176 0.3527 0.2351 0.1173
15 0.3524 2.0437 1.1557 0.5246 40 matches best known
16 0.2863 1.5032 0.8661 0.3850 41 2.6747 3.3768 3.0425 0.2482
17 0.1348 1.3477 0.7480 0.4776 42 2.3369 3.7670 3.0206 0.5431
18 1.2354 1.8856 1.5670 0.2327 43 2.7827 4.0155 3.5717 0.4825
19 0.1255 1.1927 0.8537 0.3374 44 1.2733 1.6650 1.4757 0.1481
20 0.4400 1.6342 1.1691 0.4444 45 2.8562 3.5618 3.1519 0.3236
21 1.2625 2.2638 1.6282 0.3815 46 2.2289 2.7611 2.5815 0.2059
22 1.2863 2.3821 1.7723 0.4019 47 1.7459 2.1662 1.9657 0.1868
23 1.0318 2.4076 1.7885 0.5012 48 1.0207 1.8110 1.5081 0.2914
24 1.5744 2.4741 1.8893 0.3532 49 2.2437 3.0031 2.6372 0.3292
25 1.7896 2.0952 1.9380 0.1502 50 2.4144 2.9690 2.6884 0.2042

average GAP values were typically between 1.1–2.4%. The largest difference was in
the case of Ta30, here the average GAP was 2.4%, the maximum GAP was 3.3%.

Large-scale problems (Ta31–Ta50) For the Ta31–Ta40 datasets, the algo-
rithm gave 0% or very low deviations from the best known solution in several
cases. The average GAP values were typically between 0–0.28%. Stability is favor-
able in this range. The min–max differences are small. A significant performance
decrease can be observed for the Ta41–Ta50 datasets. The average GAP values
typically resulted in values between 1.4–3.5%. The largest average deviation was
in the case of Ta43, where the average GAP was 3.57%. For several instances, such
as Ta41, Ta42, Ta43, Ta45 the average deviation exceeds 3%. For larger problems,
ISA shows a significant difference compared to the best known solutions. Here, the
standard deviation also increases significantly.

Stability testing For small data sets, the minimum and maximum GAP values
are often the same or the difference between them is very small. Here, the stan-
dard deviation is very low. For medium problems, moderate standard deviation is
observed. For large problems, the difference between the minimum and maximum
GAP increases.

Summary evaluation The algorithm provided stable, near-optimal solutions
on small-scale problems. For medium-scale problems, the average deviation was
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between 1–2%. For large-scale problems, the deviation from the best solution was
between 2–3.6%, and the standard deviation was much larger.

3.5. J. Carlier and C.R. Reeves benchmarks
Test runs were performed not only on the Taillard data set, but also on the J. Carlier
(car) [8] and C.R. Reeve (rec) [18] data sets. This can be seen in Table 4.

Table 4. Car and Rec instances (HACS, HRBVAS, ISA
comparison).

Alg Inst Min Max Avg RSD Alg Inst Min Max Avg RSD

HACS car1 matches best known ISA car1 matches best known
HACS car2 matches best known ISA car2 matches best known
HACS car3 matches best known ISA car3 matches best known
HACS car4 matches best known ISA car4 matches best known
HACS rec1 0.1604 0.1604 0.1604 0.0000 ISA rec1 0.0000 0.1604 0.1283 0.0676
HACS rec3 matches best known ISA rec3 matches best known
HACS rec13 1.2435 2.0725 1.5492 0.2779 ISA rec13 1.0363 2.0725 1.5492 0.3222
HACS rec19 1.3856 2.2458 1.9546 0.2736 ISA rec19 1.3850 2.2940 1.9160 0.2746

HRBVAS car1 matches best known
HRBVAS car2 matches best known
HRBVAS car3 matches best known
HRBVAS car4 matches best known
HRBVAS rec1 0.1604 0.1604 0.1604 0.0000
HRBVAS rec3 matches best known
HRBVAS rec13 0.8808 1.8135 1.3980 0.3196
HRBVAS rec19 1.4335 2.2937 1.8968 0.2720

The table also shows that in many case the algorithms reached the best known
value during each run. Although they did not reach the best known value during
the most complex test data, but they were close to it.

3.6. Summary of the test results
This section presents a comparison of the Hybrid Ant Colony System, the Hybrid
Rank Based Version of Ant System and the Iterated Simulated Annealing algo-
rithms. First, the test results are summarized in a table. The Table 5 contains the
following columns: Taillard benchmark dataset identifier, the best algorithm and
the minimum fitness value of the best algorithm.

When examining the performance of the three metaheuristic algorithms on the
Taillard benchmark dataset, it can be observed that the algorithms were able to
achieve the best known solution in several cases. On the first ten datasets (except
Ta07), all three methods achieved the best known value. For larger problems, the
Hybrid Ant Colony System (HACS) gave better results on several datasets. The
HACS algorithm gave the best result in 13 times, the Hybrid Rank Based Version
of Ant System in 7 times, and the Iterated Simulated Annealing in 14 times. In
addition, the algorithms provided identical results in 17 times.
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Table 5. Summary of best algorithm and minimum values for Ta instances.

Ta Best Min Ta Best Min

Ta1 same 1278 Ta26 ISA 2246
Ta2 same 1359 Ta27 ISA 2305
Ta3 same 1081 Ta28 HACS 2215
Ta4 same 1293 Ta29 ISA 2261
Ta5 same 1235 Ta30 HACS 2205
Ta6 same 1195 Ta31 same 2724
Ta7 same 1239 Ta32 same 2838
Ta8 same 1206 Ta33 HACS=ISA 2621
Ta9 same 1230 Ta34 same 2753
Ta10 same 1108 Ta35 same 2863
Ta11 ISA 1589 Ta36 same 2829
Ta12 HRBVAS 1664 Ta37 same 2725
Ta13 HRBVAS = ISA 1509 Ta38 HACS=HRBVAS 2683
Ta14 HACS=ISA 1384 Ta39 HRBVAS 2554
Ta15 ISA 1424 Ta40 same 2782
Ta16 HRBVAS 1398 Ta41 ISA 3071
Ta17 ISA 1486 Ta42 ISA 2934
Ta18 HACS=HRBVAS 1550 Ta43 ISA 2918
Ta19 ISA 1595 Ta44 HACS 3084
Ta20 HACS 1591 Ta45 HACS 3049
Ta21 ISA 2326 Ta46 HRBVAS 3064
Ta22 HRBVAS=ISA 2126 Ta47 HACS 3143
Ta23 ISA 2350 Ta48 HACS 3055
Ta24 HACS 2249 Ta49 HACS 2945
Ta25 HACS 2320 Ta50 ISA 3139

4. Summary
In this article, a well-known production scheduling problem, the Flow Shop Schedul-
ing, was investigated. The problem was solved with three algorithms, namely Hy-
brid Ant Colony System, Hybrid Rank Based Version of Ant System and Iterated
Simulated Annealing. Hybrid ACS and Hybrid RBVAS mean that the algorithm
also applies an improvement with the Simulated Annealing algorithm. After the
introduction of the Flow Shop task and the most important publications on the
topic, the article presented the applied algorithms. This was followed by the pre-
sentation and evaluation of the test results. The summary showed that the Hybrid
Ant Colony System algorithm gave the best result in 13 times on the Taillard
dataset, Hybrid Rank Based Version of Ant System in 7 times, and Iterated Sim-
ulated Annealing in 14 times. In addition, the algorithms gave the same results in
17 times. The effective hybridization of other metaheuristic algorithms with the
help of Simulated Annealing could be a further research topic. In addition, testing
other optimization problems, such as the Traveling Salesman Problem or the Vehi-
cle Routing Problem, as well-known logistics discrete optimization problems, may
also become a research focus.
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Abstract. Nowadays, email is the world’s primary communication channel,
making it a dominant vector for phishing attacks that exploit urgency, au-
thority, and trust. Advances in Large Language Models (LLMs) have intensi-
fied this threat by enabling attackers to generate persuasive, context-aware,
and multilingual phishing emails at low cost. Traditional machine learning
(ML) approaches are no longer sufficient, as phishing techniques have evolved
with the widespread public use of AI. These systems also face the scarcity of
datasets for non-English content and the lack of human-friendly explanations
of model decisions. Large Language Models can address these limitations,
but are costly and impractical for large-scale deployment given that billions
of emails are sent daily. This paper proposes a selective hybrid framework
combining ML with LLMs in a cost-aware architecture. LLMs are invoked
selectively to correct ML mistakes, translate non-English emails for a single
English-trained classifier, and generate on-demand human-readable expla-
nations of model decisions. GPT-4, Claude, and DeepSeek were indepen-
dently evaluated across these three tasks to identify which performs best and
fastest. The ML mistakes were forwarded to each LLM using task-specific
prompts, translation was assessed across 18 languages, and explainability
was evaluated by converting Local Interpretable Model-agnostic Explanations
(LIME) feature attributions into natural language and measuring readabil-
ity. A Term Frequency–Inverse Document Frequency (TF-IDF) based Linear
Support Vector Machine (SVM) trained on approximately 14.000 English
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emails serves as the baseline classifier. The results confirm improvements
in classification robustness, multilingual coverage, and explainability, while
keeping computational overhead well below universal LLM pipelines. The
three LLMs showed distinct strengths across tasks, highlighting that model
selection should be tailored to each role within the architecture.
Keywords: phishing detection, large language models, machine learning, se-
lective hybrid architecture, explainability, multilingual classification
2020 Mathematics Subject Classification: Primary 68T50; Secondary 68T05,
94A60

1. Introduction
Email is the dominant attack vector for cybercriminals. Phishing accounts for
approximately 90% of data breaches, with an average loss of $3.86 million per in-
cident [5]. Attacks take several distinct forms. Bulk phishing sends identical lure
messages to millions of recipients simultaneously, relying on volume rather than per-
sonalisation – a single convincing template can yield thousands of victims. Spear
phishing targets specific individuals by incorporating personalised details such as
the recipient’s name, role, organisation, or recent activity, making the message
appear to come from a trusted colleague or institution. Whaling is a high-value
variant of spear phishing directed exclusively at senior executives, board members,
or regulators, typically impersonating legal counsel, auditors, or government au-
thorities to authorise large transfers or disclose confidential data. Business Email
Compromise (BEC) involves hijacking or spoofing a legitimate corporate email
account to redirect payments, alter supplier banking details, or extract sensitive
information, causing average losses exceeding $125.000 per incident [1, 16]. Beyond
these established categories, AI-generated phishing has emerged as a new threat
dimension: attackers leveraging LLMs can now produce grammatically flawless,
contextually convincing, and personalised messages in any language at negligible
cost, effectively eliminating the surface errors – misspellings, awkward phrasing,
generic salutations – that rule-based and classical ML detectors have historically
relied upon [15, 16].

Existing defensive systems either apply LLMs uniformly to all inputs [7] or
use preprocessing filters that still route every non-trivial email through expensive
inference [20]. While these systems are described as hybrid, they rely solely on
LLMs for the actual classification decision, making the “hybrid” label a description
of their pipeline structure rather than a reflection of combining fundamentally
different classification approaches.

2. Scientific Literature
Phishing detection has progressed from static blacklists and rule-based filters
through classical ML, deep learning, and transformer-based systems to current
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adaptive multimodal approaches, as illustrated in Figure 1 [18]. These solutions
are discussed in the following sections.

Figure 1. Evolution of phishing detection techniques, from black-
list and rule-based systems to adaptive multimodal approaches [18].

2.1. Classical Machine Learning Approaches
Supervised ML with Term Frequency–Inverse Document Frequency (TF-IDF) fea-
ture extraction and classifiers such as SVMs, Random Forests, and Logistic Regres-
sion established the first generation of scalable phishing detectors [12, 18]. Machine
learning algorithms facilitate adaptive classification rules that outperform black-
listing or rule-based filtering, which rely on hand-coded rules susceptible to the
changing nature of phishing attacks [12]. Tawil et al. [26] found TF-IDF with
Random Forest and Logistic Regression achieved F1 of 0.98 at high throughput.
Rastenis et al. [23] demonstrated Linear SVM with TF-IDF scales to multi-
lingual datasets, noting its linear complexity as a deployment advantage. Despite
their speed, classical models struggle with noisy or dynamic datasets [24] and fail
entirely on non-English content [20].

2.2. Large Language Model-Based and Hybrid Approaches
LLM-based systems address the semantic limitations of classical ML but introduce
prohibitive inference costs. LLMs require significant GPU resources, with training
times ranging from hours to days, and API costs for processing 8 million tokens
reaching $36–$128 depending on the model [13, 25]. Desolda, Greco, Viganò
[7] proposed APOLLO, which integrates GPT-4o with VirusTotal and BigData-
Cloud APIs, achieving 97–99% detection accuracy and generating user-readable
explanations through prompt chaining. Lim et al. [21] introduced EXPLICATE,
combining a classical classifier with LIME/SHAP attributions and DeepSeek v3 to
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translate feature weights into natural-language warnings, reaching 94.2% explana-
tion accuracy. Lee [20] evaluated four open-source LLMs combining whitelisting
and HTML parsing before LLM inference, improving throughput but still routing
every non-whitelisted email through costly API calls. Tarapiah et al. [25] fine-
tuned three transformer variants – DistilBERT (a lightweight, distilled version of
BERT that retains 97% of its language understanding at 60% of the size), AL-
BERT (a parameter-efficient BERT variant using cross-layer parameter sharing to
reduce memory footprint), and RoBERTa (a robustly optimised BERT with longer
training and dynamic masking) – confirming high accuracy but at GPU-level in-
ference cost. Kumar, Kushwaha, Rajpoot [18] confirm that hybrid ensemble
approaches dominate production deployments and transformer-era models are the
first to achieve meaningful multilingual generalisation. The critical gap is that
LLMs are invoked uniformly rather than selectively across all prior systems.

Two further limitations remain unresolved: English-trained models drop below
60% accuracy on non-English emails [18, 23] with no general multilingual phish-
ing dataset available [2]; and explainability tools such as LIME and SHAP require
technical expertise to interpret, while LLM-generated explanations have only been
evaluated universally rather than on demand [7, 21]. No prior system simulta-
neously addresses selective deployment, multilingual translation, and on-demand
explainability within a single cost-aware architecture. Desolda, Greco, Viganò
[7] achieve 97–99% accuracy with APOLLO but process all emails through GPT-
4o, making real-time high-volume deployment economically challenging. Lee’s sys-
tem [20] reduces overhead through preprocessing but still applies LLM inference to
every non-whitelisted email. Lim et al. [21] demonstrate comparable explanation
quality with EXPLICATE but generate explanations universally rather than on
demand, incurring multi-second overhead per email. The selective hybrid architec-
ture proposed in this work goes further by using calibrated uncertainty as a routing
signal, restricting LLM invocation to the cases where classical ML demonstrably
fails.

2.3. Our Contribution
This paper proposes a selective hybrid architecture that exploits the heterogeneous
difficulty of email classification, restricting LLM invocation to three well-defined
failure points. Table 1 summarises how the proposed system compares to prior
approaches across key evaluation dimensions.

Table 1. Comparison of system capabilities across key dimensions.

System Efficiency Accuracy Multilingual Explainability

ML only (SVM) High Moderate No Partial
LLM only (APOLLO [7]) Low High Yes Yes
EXPLICATE [21] Moderate High No Yes
Proposed (Selective) High High Yes Yes
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The main contributions are: (1) a selective architecture invoking LLMs only
for the most uncertain misclassifications (calibrated confidence near 0.5); (2) on-
demand LLM translation of non-English emails, improving accuracy from 50%
to 75% across 18 languages; (3) an on-demand explainability module converting
Local Interpretable Model-agnostic Explanations (LIME) attributions into plain-
language warnings; and (4) a head-to-head evaluation of GPT-4, Claude 3.5 Sonnet,
and DeepSeek across all three tasks.

3. Methodology

3.1. Machine Learning Classification Pipeline
The pipeline requires a classifier with high accuracy on English email text, cali-
brated probability estimates for uncertainty routing, and feature-level attributions
for explainability. Raw emails are preprocessed via tokenization, stop-word re-
moval, lowercasing, stemming, and URL removal [12, 19]. A Linear SVM with
TF-IDF vectorization was selected after evaluating neural, tree-based, and linear
alternatives [18, 26].

Figure 2. Selective hybrid architecture: ML processes all emails;
LLMs are invoked only for uncertain misclassifications, non-English

content, and on-demand explanations.

Figure 2 illustrates the overall architecture. TF-IDF (up to 10.000 features,
n-gram range 1–3, min/max document frequency 2/0.95) was chosen for its sub-
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millisecond CPU inference on sparse matrix representations, directly interpretable
feature weights compatible with LIME, and natural emphasis on rare discriminative
phishing terms [14, 26]. N-gram features capture contextual phrasal cues such as
“verify your account” that distinguish phishing from legitimate messages [17]. SVM
was selected for its strong generalisation in high-dimensional sparse spaces [18,
22, 26] and, critically, its calibration via Platt scaling (CalibratedClassifierCV, 5-
fold) which transforms the decision function into posterior probabilities [10] – the
mechanism enabling selective routing:

P (y = 1 | x) = σ
(︁
A · f(x) + B

)︁

where σ is the sigmoid function, f(x) the SVM decision function, and A, B are
learned calibration parameters. A well-calibrated classifier correctly quantifies the
level of uncertainty associated with its predictions, which is essential for cost-
sensitive classification and optimal decision making [10].

3.2. Selective Large Language Model Augmentation
The three LLM components share a common principle. LLM invocation occurs
only when and where it provides measurable value over the ML baseline.

Error correction. The SVM assigns a calibrated posterior probability P (y =
1 | x) to every email. An email is considered uncertain when this probability falls
within the band [0.5 − δ, 0.5 + δ] for a configurable threshold δ, meaning the model
has low confidence in either class. The k most uncertain ML misclassifications –
those with calibrated confidence closest to 0.5 – are routed to LLM re-classification,
where k is a budget parameter controlling the accuracy–cost trade-off:

Confidence(x) = max
c

P (y = c | x)

Ambiguous cases benefit from the LLM’s ability to reason about intent, tone,
and deceptive context that lexical features miss [20, 25].

Multilingual translation. Non-English emails are routed to an LLM using a
phishing-aware prompt that explicitly instructs the model to preserve urgency
markers, grammatical errors, and suspicious phrasing rather than produce fluent
translations. This is deliberate: these surface anomalies are the diagnostic signals
the English-trained SVM relies on for classification [23]. Translation is performed
on demand rather than universally, avoiding the per-email latency and cost of
preprocessing all incoming email [27].

On-demand explainability. LIME feature attributions are generated for the ML
prediction and passed to an LLM only when a user requests an explanation. Local
Interpretable Model-agnostic Explanations (LIME) is an explainability technique
that approximates any classifier locally with a simple interpretable model, iden-
tifying which input features most influenced a specific prediction [21]. SHapley
Additive exPlanations (SHAP) is an alternative that assigns each feature a contri-
bution score derived from cooperative game theory, measuring its average impact
across all possible feature combinations [21]. LIME was chosen over SHAP for
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its local operation on individual predictions and direct compatibility with the TF-
IDF vocabulary, enabling the LLM to map numerical weights to concrete phishing
tactics in accessible natural language [7, 21].

3.3. Large Language Model Provider Selection
GPT-4 (openai/gpt-4.1), Claude 3.5 Sonnet (anthropic/claude-3.5-sonnet), and
DeepSeek (deepseek/deepseek-chat-v3.1) were selected as leading commercial mod-
els with strong multilingual pretraining and documented reasoning performance [13,
16]. Independent benchmarking by Artificial Analysis [3] confirms that these
three providers represent distinct positions on the intelligence–speed–cost frontier,
making them well-suited for comparative evaluation across latency-sensitive and
accuracy-critical tasks. All API calls were made via OpenRouter at temperature
0.3 [13, 25].

4. Experimental Design
ML Training Dataset: 17.496 English emails sourced from the Phishing Email
Collection on Kaggle [9] (after removing 1.154 duplicates from 18.650 originals),
split 80/20 into training (13.996) and held-out test (3.500) sets using stratified
sampling.

Hybrid Test Dataset: 16.478 emails from the Phishing Emails dataset on Hug-
gingFace [8], completely separate from training. Used to assess real-world general-
ization and evaluate selective LLM error correction.

Multilingual Dataset: 36 manually curated emails across 18 languages (Hun-
garian, Spanish, French, German, Italian, Russian, Japanese, Portuguese, Polish,
Dutch, Swedish, Turkish, Arabic, Korean, Czech, Greek, Norwegian, Finnish), one
phishing and one legitimate per language, each reflecting culturally specific phish-
ing tactics.

Model performance was assessed using 10-fold stratified cross-validation [11].
Cross-validation is a resampling technique that partitions the dataset into k equally
sized folds; the model is trained on k − 1 folds and evaluated on the remaining
fold, repeating this process k times so that every sample is used for evaluation
exactly once. Using k = 10 is a standard choice that balances bias and variance
while preserving class distribution across folds. Stability was confirmed across ten
random data splits.

Explainability quality was quantified using the Flesch Reading Ease score [6],
a standardised readability metric scored on a 0–100 scale. Scores in the range 70–
80 correspond to text readily understood by a 7th-grade student, scores of 60–70
indicate standard readability accessible to an 8th–9th grade reader, scores of 50–60
reflect content suited to a high school student, scores of 30–50 indicate college-
level difficulty, and scores below 30 describe highly technical or professional text
typically requiring advanced education to comprehend. This metric was used to
measure the accessibility of LLM-generated explanations for non-expert users.
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5. Results and Analysis

5.1. ML Baseline
The SVM model achieved 98.37% accuracy on the held-out test set (F1: 0.9781,
ROC-AUC: 0.9986) with training time of 3.13 seconds and inference at 0.34 ms
per email. On the independent hybrid test dataset, the model processed all 16.478
emails in 5.55 seconds, achieving 90.30% accuracy (1.598 misclassifications), re-
flecting realistic domain shift between training and deployment data.

5.2. Selective Error Correction
The 1.598 misclassified emails were ranked by uncertainty and the 250 most un-
certain cases were selected for LLM review. In this evaluation, ground truth la-
bels were available to identify confirmed misclassifications; in production deploy-
ment, the system would instead route all predictions below a configurable confi-
dence threshold to LLM review, with the optimal threshold determined empirically
per deployment context. Table 2 presents the correction results across all three
providers, and Figure 3 visualises the accuracy and number of mistakes corrected.

Table 2. LLM Error Correction on 250 Most Uncertain ML Mis-
classifications.

Model Accuracy Fixed Avg Time/Email

Claude 3.5 Sonnet 93.60% 234/250 2.06 s
GPT-4 68.00% 170/250 0.67 s
DeepSeek 57.94% 135/250 14.46 s

Figure 3. LLM accuracy and number of mistakes corrected on 250
most uncertain ML misclassifications.

Claude 3.5 Sonnet achieved the highest correction accuracy (93.60%, 234/250),
while GPT-4’s lower accuracy (68%) is offset by its 3× faster response time, making
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it preferable for latency-sensitive deployments. The wide performance gap (57.94–
93.60%) confirms that semantic reasoning about deceptive intent varies substan-
tially across LLM architectures [16].

5.3. Multilingual Translation
The multilingual dataset was designed for representative coverage across diverse
language families rather than volume, balancing evaluation breadth against the
per-call API costs inherent to LLM-based processing. Table 3 reports classification
performance across all translation configurations, and Figure 4 compares F1 scores
across providers.

Table 3. Multilingual Classification Performance (36 Emails, 18
Languages).

Approach Accuracy Recall F1 Time/Email

ML Only (Raw) 50.0% 66.7% 0.571 6.83 ms
ML + GPT-4 63.9% 83.3% 0.698 847 ms
ML + Claude 3.5 58.3% 88.9% 0.681 2.033 ms
ML + DeepSeek 75.0% 94.4% 0.791 2.611 ms

Figure 4. F1 score comparison: ML alone vs ML with LLM trans-
lation across three providers.

Without translation, the ML baseline scored 50% – equivalent to random guess-
ing. DeepSeek achieved the best results (75% accuracy, 94.4% recall, F1 0.791),
a 38% relative F1 improvement over baseline, while GPT-4 offered a favorable
speed–accuracy trade-off at 847 ms per email. High recall is critical: missed phish-
ing emails reach users [27].
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5.4. Explainability Enhancement

This evaluation prioritised qualitative depth and comparison of explanation quality
across providers over large-scale quantitative evaluation, reflecting practical API
cost constraints for a three-provider comparison. Table 4 presents the readability
scores and latency of LLM-generated explanations across all three providers, and
Figure 5 visualises the mean Flesch scores.

Table 4. Readability of LLM-Generated Explanations (5 Emails).

Model Mean Flesch Std Dev Time/Explanation

DeepSeek 65.59 6.65 6.72 s
GPT-4 62.70 14.67 4.15 s
Claude 3.5 Sonnet 32.13 16.05 7.04 s

DeepSeek achieved the highest mean Flesch Reading Ease score (65.59, 8th–9th
grade) with the lowest variance (6.65), indicating consistent accessibility across
email types. GPT-4 produced comparable readability (62.70) at the lowest latency
(4.15 s). Claude’s low score (32.13, college level) suggests it prioritizes thoroughness
over simplicity. All three providers successfully transformed LIME feature-weight
pairs into plain-language warnings [21].

Figure 5. Average Flesch Reading Ease scores by LLM provider.
Higher scores indicate more accessible explanations for non-expert

users.
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6. Discussion and Conclusion

Architectural Effectiveness

Routing only 1.5% of emails (250 of 16.478) to LLM review preserves ML-level
throughput while recovering the most difficult misclassifications. The results con-
firm the core hypothesis: email classification exhibits heterogeneous difficulty, and
restricting LLM invocation to calibrated failure points delivers LLM-level accuracy
at a fraction of the cost.

Task-Specific LLM Recommendations

No single provider dominates all tasks: Claude 3.5 Sonnet leads on error correction
(93.60%), DeepSeek on translation (75%, F1 0.791) and readability (65.59 Flesch),
and GPT-4 on speed across all tasks. The modular architecture allows independent
provider selection per task and naturally extends to a multi-agent collaboration
paradigm, where specialized agents (one optimized for classification correction,
one for translation, one for explanation generation) operate in parallel under a
lightweight routing controller [13].

Future Work

Future work should validate thresholding in production, compare LLM translation
against language-specific ML models, run user studies on explanation comprehen-
sion, and assess prompt injection resilience. Although the current system does not
explicitly analyse URLs or attachments, LLMs may still recognise suspicious URL
patterns through their broad pretraining knowledge, even without task-specific
training on phishing URLs [16]; incorporating raw URL strings and attachment
metadata into the LLM prompt, and potentially fine-tuning on phishing-specific
datasets, would further strengthen this capability. As selective hybrid architectures
of this kind are novel, the present work prioritised breadth of exploration across
three distinct tasks and three LLM providers rather than depth of scale within
any single task; larger-scale multilingual and explainability evaluations represent a
natural next step as API costs continue to decrease and access to richer phishing
datasets improves.

Conclusion

The proposed architecture demonstrates that targeting LLMs only at ML fail-
ure points delivers LLM-level accuracy at a fraction of the cost. This provides a
practical path to robust, explainable, and multilingual phishing detection. The
implementation is publicly available [4].

https://icai.uni-eszterhazy.hu/2026 31https://icai.uni-eszterhazy.hu/2026 31https://icai.uni-eszterhazy.hu/2026 31

https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


F. Aziz, N. Oláh ICAI 2026

Acknowledgements
This work has been supported by the TalentUD Talent Management Programme
of the University of Debrecen, Hungary.

References
[1] A. A. Alsuwaylimi: Enhancing Arabic phishing email detection: A hybrid machine learning

based on genetic algorithm feature selection, International Journal of Advanced Computer
Science & Applications 15.8 (2024), doi: 10.14569/IJACSA.2024.0150826.

[2] P. An, R. Shafi, T. Mughogho, O. A. Onyango: Multilingual email phishing attacks de-
tection using OSINT and machine learning, arXiv preprint (2025), arXiv: 2501.08723.

[3] Artificial Analysis: Artificial Analysis: Independent Analysis of AI Models and API Provi-
ders, Online platform, Accessed: 2025, 2024, url: https://artificialanalysis.ai/.

[4] F. Aziz: Hybrid email classifier research: LLM-augmented machine learning for phishing
detection, GitHub repository, Accessed: 2025, 2025, url: https://github.com/FaroukAziz2
020/Hybrid-Email-Classifier-Research.

[5] P. Bountakas, K. Koutroumpouchos, C. Xenakis: A comparison of natural language
processing and machine learning methods for phishing email detection, in: Proceedings of
the 16th International Conference on Availability, Reliability and Security (ARES 2021),
New York, NY, USA: ACM, 2021, pp. 1–12, doi: 10.1145/3465481.3469205.

[6] I. Chanis, A. Arampatzis: Enhancing phishing email detection with stylometric features
and classifier stacking, International Journal of Information Security 24.1 (2025), p. 15, doi:
10.1007/s10207-024-00928-7.

[7] G. Desolda, F. Greco, L. Viganò: APOLLO: A GPT-based tool to detect phishing emails
and generate explanations that warn users, Proceedings of the ACM on Human-Computer
Interaction 9.4 (2025), pp. 1–33, doi: 10.1145/3733049.

[8] Duong Tin: Phishing Emails, Hugging Face dataset, Accessed: 2025, 2024, url: https://h
uggingface.co/datasets/duongtino/phishing-email.

[9] Ethan Nguyen: Phishing Email Collection, Kaggle dataset, Accessed: 2025, 2024, url: ht
tps://www.kaggle.com/datasets/ethanhnguyen/phishing-email-collection.

[10] T. S. Filho, H. Song, M. Perello-Nieto, R. Santos-Rodriguez, M. Kull, P. Flach:
Classifier calibration: A survey on how to assess and improve predicted class probabilities,
Machine Learning 112.9 (2023), pp. 3211–3260, doi: 10.1007/s10994-023-06336-7.

[11] T. Fontanari, T. C. Fróes, M. Recamonde-Mendoza: Cross-validation strategies for bal-
anced and imbalanced datasets, in: Proceedings of the Brazilian Conference on Intelligent
Systems (BRACIS 2022), Cham: Springer, 2022, pp. 626–640, doi: 10.1007/978-3-031-216
86-2_43.

[12] T. Gangavarapu, C. D. Jaidhar, B. Chanduka: Applicability of machine learning in
spam and phishing email filtering: Review and approaches, Artificial Intelligence Review
53.7 (2020), pp. 5019–5081, doi: 10.1007/s10462-020-09814-9.

[13] G. Goldenits, P. Koenig, S. Raubitzek, A. Ekelhart: Small language models for phishing
website detection: Cost, performance, and privacy trade-offs, arXiv preprint (2025), arXiv:
2511.15434.

[14] E. S. Gualberto, R. T. D. Sousa, T. P. D. B. Vieira, J. P. C. L. D. Costa, C. G.
Duque: The answer is in the text: Multi-stage methods for phishing detection based on
feature engineering, IEEE Access 8 (2020), pp. 223529–223547, doi: 10.1109/ACCESS.2020
.3044229.

32 Proceedings of the ICAI 202632 Proceedings of the ICAI 202632 Proceedings of the ICAI 2026

https://doi.org/10.14569/IJACSA.2024.0150826
https://arxiv.org/abs/2501.08723
https://artificialanalysis.ai/
https://github.com/FaroukAziz2020/Hybrid-Email-Classifier-Research
https://github.com/FaroukAziz2020/Hybrid-Email-Classifier-Research
https://doi.org/10.1145/3465481.3469205
https://doi.org/10.1007/s10207-024-00928-7
https://doi.org/10.1145/3733049
https://huggingface.co/datasets/duongtino/phishing-email
https://huggingface.co/datasets/duongtino/phishing-email
https://www.kaggle.com/datasets/ethanhnguyen/phishing-email-collection
https://www.kaggle.com/datasets/ethanhnguyen/phishing-email-collection
https://doi.org/10.1007/s10994-023-06336-7
https://doi.org/10.1007/978-3-031-21686-2_43
https://doi.org/10.1007/978-3-031-21686-2_43
https://doi.org/10.1007/s10462-020-09814-9
https://arxiv.org/abs/2511.15434
https://doi.org/10.1109/ACCESS.2020.3044229
https://doi.org/10.1109/ACCESS.2020.3044229


ICAI 2026 LLM-Augmented Machine Learning for Phishing Email Detection: . . .

[15] J. Hazell: Large language models can be used to effectively scale spear phishing campaigns,
arXiv preprint (2023), arXiv: 2305.06972.

[16] F. Heiding, S. Lermen, A. Kao, B. Schneier, A. Vishwanath: Evaluating large language
models’ capability to launch fully automated spear phishing campaigns: Validated on human
subjects, arXiv preprint (2024), arXiv: 2412.00586.

[17] I. Kanaris, K. Kanaris, I. Houvardas, E. Stamatatos: Words versus character n-grams
for anti-spam filtering, International Journal on Artificial Intelligence Tools 16.6 (2007),
pp. 1047–1067, doi: 10.1142/S0218213007003692.

[18] P. Kumar, C. Kushwaha, A. K. Rajpoot: Advances in Phishing Detection: A Compre-
hensive Review of Machine Learning, Deep Learning, and Transformer-based Approaches,
SSRN preprint (2025), Available at SSRN, url: https://ssrn.com/abstract=6079506.

[19] B. A. Kumara, M. M. Kodabagi, T. Choudhury, J.-S. Um: Improved email classification
through enhanced data preprocessing approach, Spatial Information Research 29.2 (2021),
pp. 247–255, doi: 10.1007/s41324-020-00349-5.

[20] C. Lee: Enhancing phishing email identification with large language models, arXiv preprint
(2025), arXiv: 2502.04759.

[21] B. Lim, R. Huerta, A. Sotelo, A. Quintela, P. Kumar: EXPLICATE: Enhancing phishing
detection through explainable AI and LLM-powered interpretability, arXiv preprint (2025),
arXiv: 2503.20796.

[22] M. J. Nabet, L. E. George: Phishing attacks detection by using support vector machine,
Journal of Al-Qadisiyah for Computer Science and Mathematics 15.2 (2023), pp. 180–191,
doi: 10.29304/jqcsm.2023.15.21378.
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Abstract. Accurate prediction of query execution time is important for
workload scheduling, admission control, and service-level management in
modern database systems. In PostgreSQL, the optimizer selects execution
plans using internal cost estimates that reflect relative expected work rather
than actual wall-clock runtime. This paper investigates whether these op-
timizer cost estimates, combined with a small set of plan-structure features
extracted from machine-readable EXPLAIN output, can be calibrated into
practical runtime predictions for analytical SQL queries. The study uses the
TPC-H benchmark at scale factor 1 in a controlled single-user PostgreSQL
environment. Features are extracted from EXPLAIN (FORMAT JSON),
while runtime labels are obtained from EXPLAIN (ANALYZE, BUFFERS,
FORMAT JSON). A linear baseline is compared with a Gradient Boost-
ing Decision Tree (GBDT) regressor. The results show that optimizer cost
and measured runtime are strongly correlated (Pearson’s r = 0.8625), but
a direct linear model fails to capture their relationship, yielding very poor
predictive performance (MAE = 97,616.04 ms, R2 = −8, 869.94). In con-
trast, the GBDT model achieves substantially better accuracy on the ran-
dom evaluation split (MAE = 74.07 ms, R2 = 0.9924), indicating that the
cost-to-runtime relationship is strongly nonlinear. These findings support
the view that PostgreSQL’s optimizer cost contains useful predictive signal,
but practical runtime prediction requires nonlinear calibration. The study is
intentionally modest in scope and should be interpreted as a proof of concept.
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1. Introduction

SQL is a declarative language: users specify what result they want, while the
database management system decides how to produce it. In relational database
systems, this decision is typically made by a cost-based optimizer, which evaluates
alternative execution strategies and selects the plan with the lowest estimated cost.
Since the classical System R work, cost-based optimization has remained a central
principle of relational query processing, and PostgreSQL follows the same general
architecture of parsing, rewriting, planning, and execution.

A fundamental difficulty, however, is that optimizer cost is not the same as
elapsed execution time. In PostgreSQL, planner costs are internal relative values
derived from estimated I/O and CPU work, and they are intended for comparing
alternative plans rather than predicting wall-clock latency directly. By contrast,
actual execution time is an observed runtime quantity that depends not only on
plan structure and estimated cardinalities, but also on hardware, cache state, statis-
tics quality, and measurement conditions. As a result, even when optimizer cost
contains useful signal, it cannot be treated as a direct time estimate.

This distinction matters in practice. Accurate runtime prediction is relevant
to workload scheduling, admission control, service-level management, and general
query-performance diagnostics. In such scenarios, it is often not enough to know
which plan PostgreSQL prefers internally; practitioners also need a realistic esti-
mate of how long a query is likely to run. This motivates the central question of
the present study: can PostgreSQL’s internal optimizer cost be calibrated into a
practically useful predictor of execution time?

The problem is closely related to the broader literature on query performance
prediction and learned database components. Earlier studies have shown that ma-
chine learning models can predict query latency and resource consumption from
optimizer- and plan-derived features, while more recent work has explored deep
plan representations, learned cost models, and learned query optimization. How-
ever, many of these approaches either require richer plan encodings, more invasive
integration, or substantially larger training settings. In contrast, the present work
intentionally adopts a lightweight and practical perspective.

Rather than replacing PostgreSQL’s optimizer or modifying the database en-
gine, this paper studies runtime prediction as a cost-to-runtime calibration problem.
The approach uses only standard PostgreSQL interfaces: pre-execution features are
extracted from EXPLAIN (FORMAT JSON), while runtime labels are obtained from
EXPLAIN (ANALYZE, BUFFERS, FORMAT JSON). The empirical setting is deliber-
ately modest: the TPC-H analytical benchmark at scale factor 1, executed in a
controlled single-user environment. A simple linear baseline is compared against a
Gradient Boosting Decision Tree (GBDT) regressor trained on optimizer cost and
a small set of interpretable plan-structure features.

The contribution of the paper is therefore practical rather than architectural.
First, it frames PostgreSQL runtime prediction as a nonlinear calibration problem
rather than as a learned-optimizer problem. Second, it demonstrates a compact
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and reproducible workflow for extracting predictive features from PostgreSQL’s
machine-readable plan output without modifying the engine. Third, it provides
empirical evidence that optimizer cost contains strong predictive signal, but that
effective runtime estimation requires a nonlinear model. The study is intentionally
limited in scope and is best interpreted as a proof of concept; nevertheless, it shows
that useful runtime prediction can be achieved with standard PostgreSQL tooling
and lightweight machine learning.

2. Related Work

The present study is situated at the intersection of cost-based query optimization,
query performance prediction, and learned database components.

The problem builds on classical cost-based optimization in relational database
systems. Since the System R optimizer, query execution has been formulated as a
search over alternative access paths and join strategies, where the optimizer selects
the plan with the lowest estimated cost [15]. Modern systems, including Post-
greSQL, continue to follow this principle, relying on statistics-driven cardinality
estimates and analytical cost models to compare candidate plans [10, 12, 13]. At
the same time, prior work has shown that optimizer quality is limited by estimation
errors, so estimated cost and actual runtime may diverge substantially [4].

A closely related line of work is query performance prediction (QPP), where
runtime or resource estimation is treated as a supervised learning problem. Gana-
pathi et al. demonstrated that machine learning can predict multiple execution-
related metrics from query and plan characteristics [2]. Akdere et al. and Li et
al. showed that optimizer-derived features can support accurate prediction of SQL
query performance and resource consumption, even when direct reliance on analyti-
cal optimizer estimates is insufficient [1, 5]. Wu et al. further argued that optimizer
cost is not unusable for runtime prediction, but rather requires a more appropriate
modeling strategy than naive direct scaling [17, 18].

More recent work has extended this direction toward learned query optimization
and learned cost estimation. Plan-structured neural models have been proposed
for latency prediction [8], while systems such as Neo and Bao explore learned
components for plan selection and optimizer guidance [6, 7]. On the cost-estimation
side, learned models have also been proposed as alternatives or complements to
traditional analytical cost formulas [3, 16, 20]. Industrial-scale evidence likewise
confirms the practical relevance of runtime prediction for scheduling and resource-
management tasks [19]. In this design space, the present work adopts a deliberately
lightweight position: rather than replacing PostgreSQL’s optimizer, it investigates
whether PostgreSQL’s native cost estimate and a small set of interpretable plan-
structure features can be calibrated into useful runtime predictions by a nonlinear
regressor.
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3. Methodology

The study formulates PostgreSQL query runtime estimation as a supervised regres-
sion task. For each query instance q, a feature vector x(q) is extracted from the pre-
execution plan returned by EXPLAIN (FORMAT JSON), while the target value y(q) is
the measured execution time in milliseconds obtained from the top-level Execution
Time field of EXPLAIN (ANALYZE, BUFFERS, FORMAT JSON). The learning objec-
tive is to estimate a function f : x(q) ↦→ ŷ(q), where ŷ(q) denotes the predicted
execution time.

The feature design is intentionally lightweight and interpretable. The final
feature set consists of PostgreSQL’s root-level estimated cost together with a
small number of aggregated structural descriptors derived from the query plan:
total_cost, plan_rows, node_count, join_count, and scan_count. The struc-
tural descriptors were computed by recursively traversing the JSON plan tree re-
turned by EXPLAIN (FORMAT JSON). The variable node_count denotes the total
number of plan nodes in the tree, including the root node and all nested child
plans. The variable join_count counts plan nodes whose type corresponds to
a join operator, including Hash Join, Merge Join, and Nested Loop. The vari-
able scan_count counts scan-related operators, including sequential scans, index
scans, index-only scans, and bitmap scan variants. The variables total_cost and
plan_rows were taken from the root-level plan node and therefore represent Post-
greSQL’s estimated total plan cost and estimated output cardinality for the com-
plete query plan, respectively. All features are available before query execution and
do not rely on post-execution statistics. They were selected because they are easy
to extract from machine-readable plan output and meaningful from the perspective
of relational query processing. In particular, total_cost represents PostgreSQL’s
internal estimate of expected work, while the structural counts provide additional
information about plan complexity.

The target variable reflects instrumented server-side execution time rather than
end-to-end application latency. This distinction matters because EXPLAIN ANALYZE
introduces measurement overhead, and the reported execution time does not in-
clude all possible client-side or network-related delays. Nevertheless, it provides
a consistent and practically meaningful label for controlled runtime prediction ex-
periments. To avoid information leakage, only pre-execution plan attributes are
used as predictors; post-execution values such as Actual Rows or runtime buffer
statistics are not included in the feature matrix.

Two predictive models were considered. The baseline is a simple linear re-
gression using total_cost as the only predictor, intended to test whether Post-
greSQL’s internal cost estimate is already approximately proportional to measured
runtime. The nonlinear model is a Gradient Boosting Decision Tree (GBDT) re-
gressor trained on the full feature set. GBDT was chosen because it can capture
nonlinear relationships and feature interactions while remaining well suited to small
tabular datasets.

Model performance was evaluated using Mean Absolute Error (MAE), Root
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Mean Squared Error (RMSE), and the coefficient of determination (R2). In addi-
tion, Pearson correlation between total_cost and measured execution time was
computed in order to assess whether optimizer cost contains predictive signal inde-
pendently of any particular regression model. Beyond scalar metrics, the analysis
also used prediction-versus-actual scatter plots, residual diagnostics, and an ab-
lation experiment in which total_cost was removed from the feature set. The
purpose of the ablation was to determine whether the nonlinear predictor primar-
ily acts as a calibration layer over PostgreSQL’s internal cost estimate, or whether
structural plan features alone are sufficient for accurate runtime prediction.

4. Experimental Setup

4.1. Workload
The experiments were conducted using the TPC-H decision-support benchmark at
scale factor 1. TPC-H was selected because it provides a standardized analytical
workload consisting of 22 business-oriented SQL query templates with substantial
variation in joins, aggregations, filtering conditions, and intermediate result sizes.
This makes it an appropriate benchmark for studying the relationship between
optimizer-derived plan characteristics and observed execution time.

The study used the 22 standard TPC-H query templates as the workload basis.
Since the goal of the paper is runtime prediction rather than benchmark certifica-
tion, TPC-H was used here solely as a controlled source of analytical SQL queries.
No official audited TPC-H performance metric, such as QphH@Size, is claimed.

4.2. Database System and Execution Environment
All experiments were performed using PostgreSQL 16.11 in a controlled single-
user environment. The measurements were carried out on a Lenovo ThinkPad L15
laptop upgraded to 32 GB RAM, with PostgreSQL running on Ubuntu 24.04 under
Windows Subsystem for Linux (WSL).

The single-user setting was chosen deliberately in order to reduce interference
from concurrent sessions and to isolate the relationship between query-plan prop-
erties and runtime as clearly as possible. The reported runtimes should therefore
be interpreted as measurements obtained under controlled analytical conditions
rather than as estimates for highly concurrent production workloads.

4.3. Plan and Runtime Collection
For each query, two types of PostgreSQL output were collected.

First, EXPLAIN (FORMAT JSON) was used to obtain the pre-execution query plan
in machine-readable form. This output served as the source of predictive features,
including the optimizer’s estimated total cost and aggregated structural descriptors
of the plan.
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Second, EXPLAIN ANALYZE with BUFFERS and JSON output was used to collect
measured execution statistics after query execution. From this output, the top-level
Execution Time field was extracted as the regression target.

This measurement protocol creates a clean temporal separation between fea-
tures and labels: the predictive model is trained only on information available
before execution, while actual runtime values are obtained from separate analyzed
executions.

4.4. Measurement Protocol
The workflow followed a per-query measurement strategy. For each TPC-H query
template, a JSON plan representation was first collected for feature extraction.
Query execution was then measured using one warm-up run and three retained
measured runs per query in order to reduce the influence of first-run effects such
as cold-cache behavior.

The SQL query instances were generated automatically by the benchmark tool-
ing. The final regression dataset therefore contained 66 measured query executions,
corresponding to 22 query templates with three retained measured runs each. Each
row of the final dataset represents one retained measured execution paired with its
pre-execution plan-derived features.

4.5. Train-Test Split and Feature Set
The predictive models were evaluated using a random train-test split generated
with Scikit-learn’s train_test_split function. The split used test_size=0.3
and random_state=42. Accordingly, 70% of the data were used for training and
30% for testing, with a fixed random seed to ensure reproducibility.

The final feature set used in the experiments consisted of the following variables:
total_cost, plan_rows, node_count, join_count and scan_count.

These features were extracted from PostgreSQL’s machine-readable plan output
and were all available before query execution.

4.6. Experimental Scope
The experimental design intentionally favors methodological clarity over scale. The
benchmark size, workload scope, and controlled execution setting make the study
suitable as a proof-of-concept evaluation of cost-to-runtime calibration, but they
also limit the strength of generalization claims.

In particular, the study does not attempt to model:

• concurrent multi-user workloads,

• end-to-end client-observed latency,

• workload drift across different database states, or
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• optimizer behavior under substantially different hardware or PostgreSQL con-
figurations.

Instead, the focus is on a narrower and more defensible question: whether Post-
greSQL’s optimizer cost and a small set of plan-structure features can be trans-
formed into useful runtime predictions in a controlled analytical environment.

5. Results
The empirical results support four main observations. First, PostgreSQL’s internal
optimizer cost contains substantial predictive signal with respect to measured exe-
cution time. The Pearson correlation coefficient between total_cost and observed
runtime was r = 0.8625, indicating a strong positive relationship between optimizer
cost and query latency. However, this association alone is not sufficient to justify
a direct linear calibration. As shown in Figure 1, optimizer cost and runtime are
related, but the relationship is not captured adequately by a simple linear model.

(a) Optimizer cost vs. actual runtime. (b) Linear baseline prediction vs. actual
runtime.

Figure 1. Relationship between PostgreSQL optimizer cost and
measured execution time. Although optimizer cost is strongly as-
sociated with runtime, a direct linear baseline fails to provide an

adequate calibration.

Second, the linear baseline fails to model the relationship between optimizer
cost and execution time in a useful way. Using total_cost as the only predictor,
the linear model achieved a mean absolute error of 97,616.04 ms and a coefficient
of determination of R2 = −8869.94. The strongly negative R2 indicates that the
linear model performs substantially worse than a trivial mean predictor. This
behavior is also visible in Figure 1(b), where the predictions collapse into a narrow
range and deviate strongly from the identity line. In other words, optimizer cost
is informative, but it is not linearly calibrated to observed execution time.

Third, the nonlinear Gradient Boosting Decision Tree (GBDT) model substan-
tially improves predictive performance. The GBDT regressor achieved a mean
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(a) GBDT prediction vs. actual runtime. (b) Residual plot of the GBDT model.

(c) Feature importance of the GBDT model.

Figure 2. Evaluation of the nonlinear GBDT model. The model
closely follows the identity line, residuals remain centered around
zero, and feature importance indicates that total_cost is the dom-

inant predictive signal.

absolute error of 74.07 ms and R2 = 0.9924, indicating a very close fit between
predicted and measured runtime on the evaluation subset. Although this result
indicates strong predictive performance on the random test split, it should be inter-
preted cautiously. The dataset contains repeated measured executions of the same
22 TPC-H query templates, and the random split may place structurally identical
or highly similar plans in both the training and test subsets. Consequently, the
reported R2 value should be understood primarily as evidence of interpolation per-
formance under the chosen controlled workload and measurement protocol, rather
than as evidence of generalization to unseen query templates or production work-
loads. More demanding evaluation protocols, such as grouped splits by query tem-
plate or parameter instantiation, are left for future work. As shown in Figure 2(a),
most predictions lie close to the identity line across the observed runtime range.
This result strongly suggests that the relationship between PostgreSQL optimizer
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cost and actual execution time is highly nonlinear, and that this nonlinearity can
be captured effectively by a lightweight tree-based regressor.

Fourth, residual analysis supports the stability of the nonlinear model. Fig-
ure 2(b) shows residuals centered around zero with no clear systematic trend across
the runtime range. This indicates that the GBDT model does not consistently
overestimate or underestimate execution time. Although a small number of larger
residuals remain for slower queries, the overall residual distribution does not indi-
cate a strong structural bias.

Finally, the feature-importance analysis highlights the dominant role of Post-
greSQL’s internal cost estimate. As shown in Figure 2(c), total_cost contributes
most of the predictive power, while the remaining structural plan features provide
smaller but non-negligible refinements. This interpretation is further supported by
the ablation analysis. When total_cost was removed from the feature set, predic-
tive performance deteriorated substantially, with MAE increasing to 1,339.60 ms
and R2 decreasing to −1.8071. This result indicates that the structural plan de-
scriptors alone were insufficient for accurate runtime prediction in the present
setting. Instead, the learned model is best understood primarily as a nonlinear
calibration layer over PostgreSQL’s internal optimizer signal, while the additional
structural features provide complementary refinements.

Taken together, these findings support a clear interpretation. PostgreSQL’s
optimizer cost is not a direct runtime estimate, and a linear cost-to-time map-
ping is ineffective. At the same time, the cost signal is highly informative, and a
lightweight nonlinear model can transform it into a practically useful predictor of
query execution time in a controlled analytical environment.

Table 1. Predictive performance of the evaluated models.

Model MAE (ms) R2

Linear baseline (total_cost only) 97,616.04 −8, 869.94
GBDT (full feature set) 74.07 0.9924
GBDT without total_cost 1,339.60 −1.8071

6. Discussion
The results suggest that PostgreSQL query runtime prediction can be interpreted
as a calibration problem rather than as a replacement problem. PostgreSQL’s
optimizer already encodes substantial information about expected query execution
effort in its internal cost estimate, but that estimate is not intended to represent
wall-clock latency directly [11, 14]. The empirical findings of the present study
show that the optimizer’s cost signal is informative, but that its relationship to
actual runtime is strongly nonlinear. This interpretation is consistent with earlier
work showing that optimizer-derived signals can support runtime prediction, while
direct use of analytical cost estimates is often insufficient [1, 18].
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This interpretation is supported by the contrast between the linear baseline and
the GBDT model. The strong Pearson correlation indicates that optimizer cost and
runtime are meaningfully related, yet the linear baseline performs extremely poorly.
This means that the problem is not the absence of signal, but the inadequacy of a
simple linear mapping. In other words, PostgreSQL’s optimizer cost should not be
interpreted as a direct runtime estimate, but it can serve as a useful latent signal
that requires calibration.

From this perspective, the GBDT model does not replace the optimizer. In-
stead, it acts as a lightweight nonlinear correction layer built on top of PostgreSQL’s
existing cost model. This distinction is important. The goal of the study is not to
redesign plan search, cardinality estimation, or operator costing inside the database
engine. Rather, it is to demonstrate that the information already exposed by
PostgreSQL through standard EXPLAIN interfaces can be reused to obtain practi-
cally useful runtime predictions with minimal engineering overhead. In this sense,
the present work is closer to query performance prediction than to full learned-
optimizer systems such as Neo or Bao [6, 7].

The feature-importance analysis reinforces this interpretation. The dominant
role of total_cost suggests that the optimizer’s own estimate remains the primary
predictive signal, while the additional structural plan features provide complemen-
tary information that helps the model correct systematic distortions. This is also
consistent with more recent arguments in the learned cost model literature that use-
ful information already exists inside traditional optimization pipelines and should
often be refined rather than discarded [3, 20]. The ablation result supports the same
conclusion: once total_cost is removed, predictive quality degrades substantially.
The structural descriptors alone are therefore insufficient, but they improve per-
formance when used in combination with PostgreSQL’s internal estimate.

These findings position the proposed approach closer to the query performance
prediction literature than to full learned-optimizer systems. The method is delib-
erately lightweight, engine-external, and based on interpretable tabular features
rather than full plan-tree neural encodings [1, 2, 8]. This makes it attractive for
applied settings where integration effort and reproducibility matter as much as
predictive accuracy. In particular, the workflow relies only on machine-readable
EXPLAIN output and does not require changes to PostgreSQL itself.

At the same time, the results should not be overgeneralized. The present study
uses a small analytical workload in a controlled single-user environment, and the
resulting model should be understood as workload- and environment-specific. The
reported predictive success therefore demonstrates feasibility rather than universal-
ity. A model trained under one PostgreSQL version, hardware setting, and bench-
mark configuration should not automatically be assumed to transfer unchanged to
other environments.

Nevertheless, the study has a clear practical implication. It shows that Post-
greSQL’s optimizer cost, although not a runtime estimate in itself, can be trans-
formed into an accurate predictor of execution time in the evaluated controlled
setting when combined with a lightweight nonlinear regression model. This opens

https://icai.uni-eszterhazy.hu/2026 43https://icai.uni-eszterhazy.hu/2026 43https://icai.uni-eszterhazy.hu/2026 43

https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


T. Balla ICAI 2026

a realistic path toward external runtime-estimation tools that can support schedul-
ing, admission control, and performance analysis without requiring invasive mod-
ifications to the database engine. Similar application motivations have also been
emphasized in both academic and industrial runtime prediction work [17, 19].

7. Limitations
The present study has several limitations that should be considered when inter-
preting the results.

First, the dataset is relatively small. Although the experiments cover all 22
standard TPC-H query templates at scale factor 1, the final regression dataset
contains only 66 retained measured executions. This limits the statistical diversity
of the workload and constrains the strength of generalization claims. In particu-
lar, repeated executions of the same benchmark templates provide less structural
variety than a larger corpus of heterogeneous analytical queries. The study should
therefore be interpreted as a proof-of-concept evaluation rather than as evidence
of a universally robust runtime estimator.

Second, the experimental workload is restricted to a controlled single-user en-
vironment. This choice was deliberate, since it reduces interference and makes
the relation between plan-derived features and observed runtime easier to analyze.
However, it also means that the reported model does not capture effects caused
by concurrency, workload interference, queueing delays, or resource contention.
These factors are highly relevant in operational database settings and have been
emphasized in prior work on runtime prediction for dynamic and concurrent work-
loads [17, 19]. As a result, the predictive performance reported here should not be
assumed to transfer directly to multi-user production environments.

Third, the target variable is instrumented server-side execution time reported by
EXPLAIN ANALYZE, not end-to-end application latency. PostgreSQL documentation
explicitly notes that EXPLAIN ANALYZE adds profiling overhead to query execution
and that the reported execution time does not include all client-side and network-
related costs [9, 14]. Consequently, the learned model estimates PostgreSQL-
reported execution time under controlled measurement conditions, which is a mean-
ingful but narrower target than user-perceived response time.

Fourth, the evaluation uses a random train-test split with a fixed seed. While
this supports reproducibility, it also introduces a possible optimism bias because
retained executions of the same query template may appear in both training and
test partitions. Under such conditions, the model may benefit from seeing struc-
turally similar plans during training. A more demanding evaluation protocol could
group samples by query template or by parameter instantiation in order to assess
generalization more strictly. This issue is particularly relevant in light of the small
dataset size.

Fifth, the feature set is intentionally lightweight and restricted to a small num-
ber of aggregated plan-level descriptors. This is an advantage from the perspective
of interpretability and simplicity, but it also limits representational richness. More
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expressive approaches, including operator-level models and plan-structured neural
representations, may capture aspects of runtime behavior that are not visible in
a compact tabular feature set [1, 8]. The present study does not attempt such
comparisons and therefore cannot claim superiority over richer model families.

Finally, the learned calibration should be regarded as environment-specific.
PostgreSQL planner costs depend on configuration parameters, database statis-
tics, and the execution environment, and these factors can vary across installa-
tions [11, 12]. The mapping learned in this study is therefore tied to the particular
PostgreSQL version, hardware setting, and benchmark configuration used during
measurement. Applying the same model in a different environment would likely
require retraining or recalibration.

These limitations do not invalidate the main result of the paper, but they
define its scope clearly. The contribution is not a universal latency predictor for
PostgreSQL, but rather a compact demonstration that optimizer cost can be trans-
formed into an accurate runtime predictor through lightweight nonlinear calibration
under controlled analytical conditions.

8. Conclusion
This paper investigated whether PostgreSQL’s internal optimizer cost can be cal-
ibrated into a practical predictor of query execution time using a lightweight ma-
chine learning approach. The evaluation was conducted on the TPC-H benchmark
at scale factor 1 in a controlled single-user PostgreSQL environment, using features
extracted from pre-execution query plans.

The results support a clear but deliberately limited conclusion. PostgreSQL’s
optimizer cost contains substantial predictive signal, as shown by the strong posi-
tive correlation between total_cost and measured runtime. However, this signal is
not linearly calibrated to wall-clock execution time: the linear baseline performed
extremely poorly, whereas the Gradient Boosting Decision Tree model achieved
high predictive accuracy on the random test split. Because the dataset contains
repeated executions of the same TPC-H query templates, this result should be in-
terpreted as proof-of-concept evidence under controlled conditions rather than as
strong evidence of generalization to unseen query templates or production work-
loads. Residual analysis further indicated that the nonlinear model did not exhibit
clear systematic bias, and feature-importance analysis showed that total_cost
remained the dominant predictive variable, complemented by a small set of plan-
structure descriptors.

Taken together, these findings suggest that runtime prediction in PostgreSQL
can be understood as a nonlinear cost-calibration problem. The proposed approach
does not attempt to replace PostgreSQL’s optimizer or modify the database engine.
Instead, it demonstrates that useful runtime prediction can be achieved externally,
using standard PostgreSQL interfaces and an interpretable lightweight model.

The contribution of the paper is therefore practical and methodological. It
shows that even a small, controlled experimental setup can provide evidence that
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optimizer-derived signals are valuable for runtime prediction, provided that they are
modeled appropriately. At the same time, the study remains deliberately modest
in scope. The reported results should be interpreted as a proof of concept tied to a
specific benchmark, PostgreSQL configuration, and execution environment rather
than as a universal latency estimator.

Several directions for future work follow naturally from this study. A larger
dataset with more diverse query parameterizations and additional workloads would
allow stronger generalization claims. More demanding evaluation protocols, such
as grouped splits by query template or parameter instantiation, would provide a
stricter assessment of robustness. It would also be valuable to extend the exper-
iments to concurrent multi-user settings, where queueing and resource contention
influence runtime behavior more strongly. Finally, future work could compare the
present lightweight tabular approach with richer operator-level or plan-structured
models in order to better understand the trade-off between simplicity, interpretabil-
ity, and predictive performance.

The study demonstrates that PostgreSQL’s internal cost signal, although not
designed as a runtime estimate, can be transformed into an accurate execution-
time predictor through lightweight nonlinear calibration under controlled analytical
conditions.
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Abstract. The widespread adoption of wearable devices has created new
opportunities for continuous monitoring of physical activity, cardiovascular
health, and sleep patterns. However, it remains an open question to what
extent the physiological and kinematic data provided by commercial smart-
watches can be considered accurate and clinically interpretable under differ-
ent conditions. The aim of this study is to compare heart rate (HR), heart
rate variability (HRV), step count, and sleep parameters measured by four
commercial smartwatches against clinical-grade reference devices under both
static/resting and dynamic activity conditions.

In a controlled study involving 30 participants, we evaluated four popu-
lar device models: Apple Watch Series 8, Garmin Forerunner 265, Samsung
Galaxy Watch 6, and Xiaomi Smart Band 8. For heart rate in a static en-
vironment, the devices showed high correlation with the reference (r > 0.92)
and low Mean Absolute Error (MAE < 3 bpm). During high-intensity physi-
cal activity, the HR error rate increased significantly across all models (MAE
= 8–16 bpm). Step count accuracy was generally high during steady-state
walking (error < 3%), but variability increased during running. Regarding
sleep parameters, the devices estimated Total Sleep Time (TST) with moder-
ate accuracy, but sleep stage determination showed poor reliability compared
to clinical polygraphy.

The results suggest that smartwatches are highly suitable for detecting
long-term health trends and tracking general physical activity. However,
their use for critical clinical decision-support requires careful interpretation,
particularly regarding dynamic heart rate tracking and sleep architecture
analysis. The study highlights the need for standardized multi-parameter
validation protocols.
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Keywords: Wearable devices, Heart rate monitoring, Photoplethysmography
(PPG), Heart rate variability (HRV), Step count, Sleep tracking, Measure-
ment accuracy, Motion artifacts, Clinical validation

1. Introduction
Wearable devices equipped with photoplethysmography (PPG) sensors and triaxial
accelerometers have revolutionized the continuous monitoring of human physiology
and daily activity. These consumer devices are increasingly utilized as preliminary
screening tools for detecting cardiovascular anomalies, tracking physical exertion,
and monitoring sleep quality [5, 13].

Despite their popularity, the clinical reliability of wrist-worn sensors remains
controversial. Previous literature highlights that while PPG technology performs
admirably under static or resting conditions, its accuracy degrades significantly
during physical exertion due to motion artifacts, changes in skin contact pressure,
and variations in peripheral blood perfusion [3, 6, 8]. Similarly, while accelerometer-
based step counting is well-established, its accuracy can fluctuate depending on
walking speed and arm kinematics. Furthermore, sleep tracking relies on a combi-
nation of actigraphy and HR/HRV algorithms, which often struggle to accurately
differentiate between specific sleep stages when compared to clinical references [7].

While numerous studies have validated specific devices in isolated scenarios,
there is a lack of comprehensive, multi-parameter evaluations focusing on HR,
steps, and sleep across multiple devices in a unified methodological framework [12].
Therefore, the primary objective of this empirical study is to present a structured
validation framework that quantitatively evaluates the reliability of four highly pop-
ular commercial smartwatches under strictly controlled conditions against standard
clinical reference instruments.

2. Methods

2.1. Participants
A total of 30 healthy adult volunteers (15 male, 15 female; mean age 26 ± 4 years,
mean BMI 23.5 ± 2.1) participated in the study. All participants provided informed
consent prior to the measurements. The experimental protocol was approved by
the institutional ethics committee.

2.2. Devices and Reference Standards
To ensure a comprehensive analysis, four commercially available smartwatches
from leading manufacturers were evaluated simultaneously: Apple Watch Series
8, Garmin Forerunner 265, Samsung Galaxy Watch 6, and Xiaomi Smart Band 8.

To validate the smartwatch measurements, we utilized the following standard
clinical reference devices:
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• Heart Rate & HRV: A clinically validated ambulatory Holter ECG mon-
itor, widely used in hospital settings for reliable beat-to-beat cardiovascular
monitoring [11].

• Step Count: A clinically validated pedometer, supplemented by manual
video-based step tallying to ensure ground-truth accuracy during the tread-
mill protocol.

• Sleep Parameters: A clinically validated polygraphy device (cardiorespira-
tory monitor), commonly used in clinical settings for sleep assessment, record-
ing airflow, respiratory effort, and continuous oxygen saturation.

2.3. Experimental Protocol
The data collection was divided into three distinct phases:

1. Static/Resting HR and HRV Phase: Participants remained seated in a
resting state for 15 minutes to establish a baseline with low temporal dynam-
ics.

2. Dynamic Activity and Step Count Phase: Participants performed a
treadmill protocol consisting of a 10-minute walk (5 km/h) followed by a
10-minute high-intensity run (10–12 km/h). This phase evaluated both the
step-counting algorithms and the robustness of the HR sensors against motion
artifacts.

3. Sleep Monitoring Phase: A subset of participants (n = 15) wore the
smartwatches and the portable polygraphy system overnight in a controlled
environment for a minimum of 7 hours.

2.4. Statistical Analysis
Data were synchronized using timestamps. Performance was evaluated using Mean
Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), Root Mean
Square Error (RMSE), and Pearson’s correlation coefficient (r). Statistical signifi-
cance between measurement errors under different conditions was determined using
paired t-tests, with p < 0.05 considered significant. Bland–Altman analysis was
applied to assess the limits of agreement (LoA) [4].

3. Results

3.1. Heart Rate and HRV Accuracy
The evaluation yielded a clear dichotomy in HR measurement performance based
on the physical activity level. Table 1 summarizes the quantitative metrics for each
device compared to the ECG reference.
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Table 1. Device-level HR Accuracy: Static vs. Dynamic Condi-
tions.

Device Static MAE Static r Dynamic MAE Dynamic r

Apple Watch Series 8 1.5 bpm 0.98 8.5 bpm 0.85
Garmin Forerunner 265 1.8 bpm 0.96 9.2 bpm 0.82
Samsung Galaxy Watch 6 2.2 bpm 0.95 14.5 bpm 0.72
Xiaomi Smart Band 8 2.5 bpm 0.92 16.1 bpm 0.68
Average 2.0 bpm 0.95 12.1 bpm 0.77

In the static environment, all smartwatches demonstrated a very high correla-
tion with the reference and an exceptionally low MAE. Conversely, high-intensity
running resulted in a statistically significant increase in measurement error across
all models (p < 0.001). The Apple Watch and Garmin managed motion artifacts
slightly better than the Samsung and Xiaomi devices, but the degradation in ac-
curacy was universal. Regarding HRV, dynamic activity profoundly distorted the
pulse-to-pulse intervals (PPIs), making HRV data derived during intense exercise
statistically unreliable compared to resting HRV [2, 10].

Figure 1. Bland–Altman plot for HR measurements. Wider limits
of agreement during dynamic activity (dashed lines) illustrate the

increased error margin and vulnerability to motion artifacts.

3.2. Step Count Accuracy
Step counting proved to be the most reliable metric across the evaluated devices.
Table 2 shows the Mean Absolute Percentage Error (MAPE) against the clinically
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validated pedometer and video reference.

Table 2. Step Count Accuracy (MAPE %).

Device Walking (5 km/h) Running (12 km/h)
Apple Watch Series 8 1.2% 2.5%
Garmin Forerunner 265 1.5% 2.8%
Samsung Galaxy Watch 6 2.1% 4.2%
Xiaomi Smart Band 8 2.5% 4.8%

During steady-state walking, the error was negligible (MAPE < 3% for all
devices). During running, the error increased slightly due to changes in arm swing
kinematics, but overall step detection remained highly robust and suitable for daily
physical activity tracking.

3.3. Sleep Parameter Accuracy
Sleep tracking accuracy varied significantly depending on the metric evaluated.
Table 3 compares the wearable estimates of Total Sleep Time (TST) and Sleep
Efficiency (SE) against the clinical polygraphy data [7].

Table 3. Sleep Tracking Accuracy vs. Clinical Polygraphy.

Device TST Error (Bias ± SD) SE Error (Bias ± SD)
Apple Watch Series 8 +15 ± 20 min +2.5 ± 4.0%
Garmin Forerunner 265 +12 ± 18 min +1.8 ± 3.5%
Samsung Galaxy Watch 6 +22 ± 25 min +3.2 ± 5.1%
Xiaomi Smart Band 8 +30 ± 28 min +4.5 ± 6.2%

All devices systematically overestimated Total Sleep Time by 12 to 30 min-
utes, primarily due to misclassifying periods of quiet wakefulness as light sleep.
Furthermore, while basic sleep duration was moderately accurate, sleep stage de-
termination showed poor agreement with the clinical reference, with Cohen’s kappa
values ranging from 0.35 to 0.48 across the devices.

4. Discussion
The results of this study confirm that commercial smartwatches offer a mixed profile
of reliability depending on the measured parameter and the physical state of the
user. Step counting remains highly accurate regardless of intensity, validating these
devices as excellent tools for general activity promotion.

For cardiovascular metrics, our findings align with previous literature [6, 9]: in
static environments, PPG sensors closely match clinical ECG references, supporting
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their use for resting HR and baseline HRV monitoring. However, the MAE increase
to 8–16 bpm during high-intensity running indicates that these devices should not
be solely relied upon for real-time clinical decision-support or precise sports-health
diagnostics during exertion.

Sleep tracking results present a similar duality. While smartwatches provide a
reasonable estimation of overall sleep duration (TST), their reliance on wrist actig-
raphy and basic HR patterns limits their ability to accurately map complex sleep
architecture [7]. Therefore, clinical sleep diagnostics still firmly require clinical-
grade polygraphy or polysomnography.

Future improvements in the wearable industry must target robust motion-
compensation algorithms for PPG and multi-sensor fusion for sleep staging. Fur-
thermore, the validation of physiological data streams should be integrated into
modular system architectures that can continuously assess data quality and flag
anomalies caused by sensor noise before the data is fed into predictive health in-
formatics models [1].

5. Conclusion
Wearable devices demonstrate high accuracy in tracking step counts and resting
heart rates, making them valuable tools for general wellness tracking and long-term
physiological trend detection.

However, during high-intensity physical activity, HR measurement error in-
creases significantly due to motion artifacts. Similarly, while overnight sleep dura-
tion is estimated with acceptable accuracy, advanced sleep staging remains unreli-
able compared to clinical standards.

Future research should focus on:

• Developing advanced adaptive filtering to reduce PPG noise during vigorous
activity.

• Enhancing sleep algorithms by fusing continuous HRV, temperature, and
actigraphy data.

• Standardizing ambulatory validation protocols across diverse populations and
physical activities.

• Enhancing algorithmic transparency, allowing independent scientific verifica-
tion of proprietary signal processing methodologies.

In conclusion, while commercial smartwatches are excellent for non-critical
health monitoring, integrating their dynamic HR and sleep measurements into
high-stakes clinical workflows necessitates a cautious approach, robust validation,
and awareness of their technological limitations.
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Abstract. Digital image processing and computer graphics are based on
the underlying grid (e.g., defined by the computer screen). However, the
square grid has some disadvantages, e.g., topological paradox. Therefore,
some non-traditional grids could effectively be used in these fields. On the
other hand, there are wide-spread imaging devices (e.g., smart phones) that
provide very high resolution images on the square grid. In this work, we
propose resampling techniques to allow to save images on non-traditional
grids. This gives the possibility that one can choose a grid for processing the
image that has some better symmetrical and/or topological properties than
the traditional grid has.

Keywords: digital image processing, computer graphics, geometric modeling,
nontraditional grids, image resampling, symmetry
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1. Introduction
In this paper we will address one of the most important preparation processes
before using non-traditional grids in, e.g., imaging sciences, namely, how to create
and have images with various shape of pixels, i.e., on various grids.

The usual question could be stated: why not the square grid? The square
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grids has numerous issues such as the edge handling. While vertical and horizontal
lines are continuous, completely diagonal edges experience information gaps due to
pixel connections. This phenomenon results from the inhomogeneous neighborhood
relations of the square grid, where the distance of immediate neighbors alternates
between d = 1 (side neighbor) and d =

√
2 (diagonal neighbor). This inconsistency

extends to the violation of the digital version of the Jordan Curve Theorem, creating
a topological paradox for which one of the best known solutions is that a curve
can only be considered ‘closed’ if the neighborhood definitions for the object and
its background are inconsistently applied (e.g., 8-connectivity for the curve and
4-connectivity for the background, or vice versa). To address this and related
problems without using special methods, it is suitable to use non-traditional grids.
Some more details and arguments can be found, e.g, in [4, 19, 27]. Non-traditional
grids are useful and can be used also for path planning, building maps with robots
and pictorial representation of sensor data [1, 7].

In this paper, as an initial step, we address the problem how to have images on
various grids.

2. Historical Notes
There were some resampling techniques proposed in the literature earlier, e.g., the
authors of [8] recommended resampling the image by uniting two-two square pixels
to make a triangular pixel (trixel). This technique can be seen in Figure 1, on the
left.

In a very similar manner, based on a rectangular grid in a brick-wall like ar-
rangement hexagonal resampling can be done, see, e.g., in [24] and in [11]. Here
again, the resampling is done by uniting two neighbor pixels to one new pixel as it
is shown in Figure 1, on the right.

 

 

 

 

 

 

 

 

 

Figure 1. An idea for resampling images on the square grid for the
triangular grid (left) and for the hexagonal grid (right) by uniting

pixels.

One of the major problems of these low resolution resampling techniques that
the resulting image is biased by the original image-grid. For example, the neighbor-
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hood system of the triangle pixels will inherit the square-grid based neighborhood
and do not reflect the symmetry and the structure of the triangular grid. There are
similar methods used, e.g., to make, test and reconstruct binary phantom images
on the square grid and on the Cairo pattern, one of the best known pentagonal
tilings [13].

In this paper, we consider the problem in a more general way. Our aim is
to have a program tool that has a high-quality traditional uncompressed digital
image (with standard square pixels) as input together with the targeted grid and
the resolution that the resulting image should have, and the program is able to
generate the resampled image on the defined grid with the specified resolution as
output. The next sections show the details.

3. Proposed Grids
Our aim is to make a general program that has also as the part of the input the
target grid and the resolution. Although our aim is to have the system general, in
this section, we recall three different grids with various properties. These grids can
be seen as motivations, on the one hand, for our ‘preparation’ task. On the other
hand, with them we can also highlight what type of properties a grid may have
and what type of problems one needs to deal with when preparing a software tool
for resampling the images.

3.1. Hexagonal grid
The hexagonal grid is one of the best known and probably the second most used
grid. It is among the three regular grids. The image is built up by regular hexagons
(hexels). This image grid is a point lattice, i.e., it is closed under translations of any
grid vector (i.e., vector connecting the center of any two hexels). The hexagonal
pixels are more round than the square pixels, and the six neighbors are more
isometrically oriented than the four side neighbors in the square grid. Because of
the only one type of neighbor relation, the grid is relatively simple. Her introduced
a symmetric coordinate system where 0-sum integer triplets are used to address
the hexels [9]. There are no topological paradoxes in this grid. The grid gives the
most efficient packing (of same size disks) in the plane, and also used in various
places in the nature, e.g., honeybees build their honeycombs in this structure.

As this is the second best used planar grid, several image processing algorithms
are already developed for images represented in this grid. Geometric transforma-
tions are investigated in [6, 10, 23]. Distance transform for hexagonal images is
computed in [3]. Tomography and image reconstruction for images on this grid
are considered, e.g., in [14, 15, 20] with various approaches. Cellular topology is
discussed in [18, 26], just to mention a few results already available on this grid.
There is also a textbook on hexagonal image processing [16]. Some advantages of
this grid over the classical square grid are also highlighted in [4, 27]. However,
maybe because our screens, projectors and other wide-spread hardware devices use
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mostly only the square grid, there are no well-known image storing formats and
image databases (up to the knowledge of the authors) for such images. Since this
grid is still very popular, we included it in our study.

3.2. Cairo pattern
The Cairo pattern is also well-known, it is named after paving some streets in
Cairo. In fact, this is a pentagonal grid where the pentagons are identical, but
not regular (see Figure 2). It is the dual tiling of the semi-regular tiling denoted
by (3, 3, 4, 3, 4) with the vertex configuration showing that at each vertex three
triangles and two squares meet [5]. This grid was proposed to be used in image
processing applications by G. Borgefors [2]. In the Cairo pattern there is a sole tile,
but it appears in four different orientations. The Cairo pattern is involved in digital
geometry and image processing: coordinate systems and various digital distance
functions are defined and computed in [12, 21, 25]; binary tomography algorithm
was presented in [13]. The symmetry of the grid includes both hexagonal type and
rectangular type symmetries, as the two mentioned coordinate systems reflect these
facts and this is one of the reasons why this grid could have various applications
connected to imaging. This grid is an example for a grid when a pixel may have
various orientations. This property is typical for the Catalan grids, i.e., for the
dual grids of semi-regular grids [19, 22].

 

Figure 2. Cairo pattern with two coordinate systems from [12,
21], respectively.

3.3. Truncated nonagonal grid
The third grid we highlight here, contains non-regular enneagons (nonagons) and
triangles. This grid was introduced in [17] as a possible solution to avoid topological
paradoxes on a triangular grid. One may think about this grid that a type (one of
the two orientations) of the triangles are pumped up in such a way that they can
touch by edges the six closes same type pixels. Consequently the other types of
triangles (the triangles with the opposite orientation) are squeezed not to have any
extra corner neighbors, only the three side neighbor enneagons. Figure 3 shows a
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part of the grid. This grid is a typical example for grids built up by more than one
type of pixels. All semi-regular grids also have this property [19].

 

Figure 3. Truncated nonagonal grid with a coordinate system
using integer triplets.

4. Resampling Process
Traditional resampling methods typically rely on a uniform, single-cell unit, such
as a square or a simple hexagon. In contrast, we propose a methodology based
on symmetric kernels composed of subdivided cells. This approach ensures that
individual grid elements are not restricted to basic geometric primitives; instead, it
allows for the construction of complex, heterogeneous grids, such as the truncated-
nonagonal grid. By utilizing subdivided cells, we can maintain structural integrity
even when multiple shape types are integrated into a single tiling system. Thus,
for our method, the input is not only a high-quality uncompressed image on the
traditional grid, but also a kernel describing the grid. This kernel must have a
rectangular shape such that if one tiles the plane with its shifted copies in side-to-
side manner, the kernel defines a periodic tiling of the plane. In Figure 4 we show
the example kernels for our chosen grids. It is easy to observe how the hexagonal,
the variously oriented pentagonal and the enneagon and triangle cells (pixels) tile
the plain, respectively, based on the kernel.

The primary advantage of this kernel-based approach is the simplified workflow
for establishing adjacency between current and preceding neighboring kernels. By
defining the grid structure within a vertex matrix rather than as a singular re-
peating unit, we effectively eliminate spatial inconsistencies and the issue of unit
shifting. This alignment is critical when mapping non-traditional grids onto the
original image matrix, as it allows for the precise subdivision of kernel sizes while
maintaining a perfect fit over the source data.

During the dynamic resampling process, grid units are synthesized from the
divided components of both the current and the previous kernels, where the whole
image contains n × m kernels and the current kernel is kc, and the previous ker-
nels are kc − 1, kc − n. Once the specific cell vertices are established, their exact
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(a) Hexagonal grid ker-
nel.

(b) Cairo pattern ker-
nel.

(c) Truncated nonago-
nal grid kernel.

Figure 4. The kernels for the proposed grids.

coordinates are mapped onto the image matrix. The algorithm then identifies all
pixels enclosed within the boundaries of a given cell and performs a color averaging
operation. The resulting mean color value is assigned to the corresponding grid
cell:

Ccell = 1
n

n∑︂

i=1
Pi,

where Pi is a pixel inside a grid cell. While this averaging process inherently results
in a loss of high-frequency spatial and edge information, it is not a significant
drawback in the context of our research as it is assumed that the input is an
extremely high resolution image (i.e., it may contain a hundred megapixel, as such
devices that may produce such digital images become more and more common in
our everyday life). As the usual image processing tasks are working with lower-
resolution images, our aim to output lower-resolution images on the given non-
traditional grids. Thus, the framework is optimized for lower-resolution image
processing where the primary goal is to maintain topological stability and prevent
the geometric distortions typical of traditional square lattices.

5. Preparation for Custom Grids
The manual creation of unique kernels for non-traditional grids is a mathematically
intensive and time-consuming task. To address this, we introduce an automated
generation system supported by a dedicated graphical user interface (GUI). In this
environment, users can define the fundamental vertex points of a kernel interac-
tively. While these raw points do not constitute a complete grid definition on their
own, their spatial coordinates serve as the foundational data for the automated
construction of the vertex matrix.

Once the vertices are defined, the user partitions the regions for each cell or
subdivided cell. This step is essential for establishing the neighborhood relations
and connectivity rules that define the grid’s topology. Automating this process
ensures that the resulting grid adheres to the necessary symmetry and distance
relations required for effective data handling.
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A key technical challenge lies in the development of a robust, automatic coor-
dinate system for these custom structures. However, by enforcing a convexity con-
straint on the generated grid cells, we can streamline the rendering process. Convex
cells allow for the implementation of automated triangle slicing (tessellation) algo-
rithms, which are natively supported and highly optimized for the OpenGL API.
This ensures that even high-resolution images can be resampled and rendered onto
custom, non-traditional grids.

6. Some Experimental Results
In this section, to show how our method works in the practice, we give some
examples. One may notice that our method can also be used to create low(er)
resolution images on the square grid, and thus, we may have a real comparison of
the images on various grids. Later on these comparisons will be very important to

(a) Original sunflower image
(resolution: 200 × 200).

(b) Down sampled sunflower
image (324 square pixels

with 18 × 18 resolution).

(c) Hexagonal resampling
result (370 hexels with
around 19×18 resolution).

(d) Truncated nonagonal
resampling result

(370 nonagons and 371 tri-
angles).

(e) Cairo pattern resam-
pling result

(364 pentagon).

Figure 5. Results of various resampling processes: sunflower.
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(a) Original image (710 × 430). (b) Down sampled image (14322 square
pixels with 154 × 93 resolution).

(c) Hexagonal resampling result (14220
hexels with around 119 × 118 resolution).

(d) Truncated nonagonal resampling result
(4522 nonagons and 4523 triangles).

(e) Cairo pattern resampling result
(14620 pentagons).

(f) Down sam-
pled result
(eye zoom).

(g) Hexagonal
resampling re-
sult (eye zoom).

(h) Truncated
nonagonal (eye

zoom).

(i) Cairo pat-
tern resampling

(eye zoom).

Figure 6. Results of various resampling processes: dog and left
eye zoom.
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show possible advantages of image processing algorithms on non-traditional grids,
in the practice. At this stage of research, one can only ‘see’ the differences of the
images, as we can generate those. Thus, here some images and their resampled
variants are shown in various resolutions, see Figures 5 and 6.

The resampled images are stored by having both the geometric data and image
data of cells. As each grid contains only of finitely many types (and orientations)
of their cells (pixels): we need to store the coordinates of the cell, its type (not
applicable for the hexagonal grid, as it has a sole type) and its color value.

7. Conclusions and Future Work
In this paper we give some details on our project to use images based on non-
traditional grids in digital image processing. The first, ‘preparatory’ step of the
project was to able to create test images on various grid. We have developed a
software tool that is able to resample (high-quality) images on any given non-
traditional grid (defined by its kernel).

While the current work is preparatory, the objective is to develop a framework
capable of integrating existing image processing algorithms and supporting the
design of novel ones. The system enables users to define custom grid structures,
providing a platform for testing and validation. By maintaining consistent coor-
dinate systems, the implemented processing algorithms remain applicable across
different grid configurations.

Although there is a naive approach to store the resampled images, it is gen-
erally not efficient in terms of storage places. For the square grid various image
compression strategies are also used. The next steps of the research line are more
grid dependent, i.e., to find efficient way(s) to store the resampled images based on
the structure and symmetry of the underlying grid. This can be based on a nice-
structured coordinate system for the grid. For some grids, as we have mentioned,
such coordinate system exists. However for some others, we may try to develop a
coordinate system based on the kernel design (see also the related paper [22]).

References
[1] H. M. E. I. M. Arnaoot: Hexagon path planning algorithm, IET Radar, Sonar & Navigation

16.12 (2022), pp. 1895–1911, doi: https://doi.org/10.1049/rsn2.12250.
[2] G. Borgefors: A semiregular image grid, J. Vis. Commun. Image Represent. 1.2 (1990),

pp. 127–136, doi: 10.1016/1047-3203(90)90002-D.
[3] G. Borgefors: Distance transformations on hexagonal grids, Pattern Recognit. Lett. 9.2

(1989), pp. 97–105, doi: 10.1016/0167-8655(89)90042-1.
[4] V. E. Brimkov, R. P. Barneva: Honeycomb vs square and cubic models, in: 8th Interna-

tional Workshop on Combinatorial Image Analysis, IWCIA 2001, Philadelphia, PA, USA,
August 23-24, 2001, ed. by S. Fourey, G. T. Herman, T. Y. Kong, Electronic Notes in
Theoretical Computer Science, Elsevier, 2001, pp. 321–338, doi: 10.1016/S1571-0661(04)8
0995-2.

https://icai.uni-eszterhazy.hu/2026 63https://icai.uni-eszterhazy.hu/2026 63https://icai.uni-eszterhazy.hu/2026 63

https://doi.org/https://doi.org/10.1049/rsn2.12250
https://doi.org/10.1016/1047-3203(90)90002-D
https://doi.org/10.1016/0167-8655(89)90042-1
https://doi.org/10.1016/S1571-0661(04)80995-2
https://doi.org/10.1016/S1571-0661(04)80995-2
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


N. Banyik, B. Nagy ICAI 2026

[5] J. H. Conway, H. Burgiel, C. Goodman-Strauss: The Symmetries of Things, A K Pe-
ters/CRC Press, Apr. 2016, isbn: 9781439864890, doi: 10.1201/b21368, url: http://dx.do
i.org/10.1201/b21368.

[6] M. J. E. Golay: Hexagonal Parallel Pattern Transformations, IEEE Trans. Computers 18.8
(1969), pp. 733–740, doi: 10.1109/T-C.1969.222756.

[7] T.-R. Grumeza, T.-A. Lazăr, I. Drămnesc, G. Kusper, K. Papadopoulos, N. Fachan-
tidis, I. Lefkos: A Case Study in Building 2D Maps with Robots, in: Proceedings of the
21st International Conference on Informatics in Control, Automation and Robotics - Vol-
ume 2: ICINCO, INSTICC, SciTePress, 2024, pp. 228–235, isbn: 978-989-758-717-7, doi:
10.5220/0013002200003822.

[8] N. P. Hartman, S. L. Tanimoto: A hexagonal pyramid data structure for image processing,
IEEE Trans. Syst. Man Cybern. 14.2 (1984), pp. 247–256, doi: 10.1109/TSMC.1984.6313207.

[9] I. Her: A symmetrical coordinate frame on the hexagonal grid for computer graphics and
vision, ASME J. Mech. Design 115.3 (1993), pp. 447–449, doi: 10.1115/1.2919210.

[10] I. Her: Geometric transformations on the hexagonal grid, IEEE Trans. Image Process. 4.9
(1995), pp. 1213–1222, doi: 10.1109/83.413166.

[11] I. Her, C. Yuan: Resampling on a Pseudohexagonal Grid, CVGIP Graph. Model. Image
Process. 56.4 (1994), pp. 336–347, doi: 10.1006/CGIP.1994.1030.

[12] G. Kovács, B. Nagy, N. D. Turgay: Distance on the Cairo pattern, Pattern Recognit. Lett.
145 (2021), pp. 141–146, doi: 10.1016/J.PATREC.2021.02.002.

[13] T. Lukic, B. Nagy: Binary tomography on the Cairo pattern, in: Combinatorial Image
Analysis - 23rd International Workshop, IWCIA 2025, Szeged, Hungary, September 24–26,
2025, Revised Selected Papers, ed. by P. Balázs, R. P. Barneva, V. E. Brimkov, A. Nagy,
Lecture Notes in Computer Science 15985, Springer, 2026, to appear, doi: 10.1007/978-3-
032-19347-6_15.

[14] T. Lukic, B. Nagy: Regularized binary tomography on the hexagonal grid, Physica Scripta
94 (2019), p. 025201, doi: 10.1088/1402-4896/aafbcb.

[15] S. Matej, G. T. Herman, A. Vardi: Binary tomography on the hexagonal grid using Gibbs
priors, Int. J. Imaging Syst. Technol. 9.2-3 (1998), pp. 126–131, doi: 10.1002/(SICI)1098-
1098(1998)9:2/3\<126::AID-IMA9\>3.0.CO;2-D.

[16] L. Middleton, J. Sivaswamy: Hexagonal Image Processing: A Practical Approach, Advances
in Pattern Recognition, Springer, 2005, isbn: 978-1-85233-914-2, doi: 10.1007/1-84628-203
-9.

[17] B. Nagy: A Khalimsky-Like Topology on the Triangular Grid, in: Discrete Geometry and
Mathematical Morphology - Third International Joint Conference, DGMM 2024, Florence,
Italy, April 15-18, 2024, Proceedings, ed. by S. Brunetti, A. Frosini, S. Rinaldi, Lecture
Notes in Computer Science, Springer, 2024, pp. 150–162, doi: 10.1007/978-3-031-57793-2
\_12.

[18] B. Nagy: Cellular topology and topological coordinate systems on the hexagonal and on the
triangular grids, Ann. Math. Artif. Intell. 75.1-2 (2015), pp. 117–134, doi: 10.1007/S10472
-014-9404-Z.

[19] B. Nagy: Non-traditional 2D Grids in Combinatorial Imaging – Advances and Challenges,
in: Combinatorial Image Analysis - 21st International Workshop, IWCIA 2022, Messina, Italy,
July 13-15, 2022, Proceedings, ed. by R. P. Barneva, V. E. Brimkov, G. Nordo, Lecture
Notes in Computer Science, Springer, 2022, pp. 3–27, doi: 10.1007/978-3-031-23612-9\_1.

[20] B. Nagy, T. Lukic: Binary Tomography on Triangular Grid Involving Hexagonal Grid
Approach, in: Combinatorial Image Analysis - 19th International Workshop, IWCIA 2018,
Porto, Portugal, November 22-24, 2018, Proceedings, ed. by R. P. Barneva, V. E. Brimkov,
J. M. R. S. Tavares, Lecture Notes in Computer Science, Springer, 2018, pp. 68–81, doi:
10.1007/978-3-030-05288-1\_6.

64 Proceedings of the ICAI 202664 Proceedings of the ICAI 202664 Proceedings of the ICAI 2026

https://doi.org/10.1201/b21368
http://dx.doi.org/10.1201/b21368
http://dx.doi.org/10.1201/b21368
https://doi.org/10.1109/T-C.1969.222756
https://doi.org/10.5220/0013002200003822
https://doi.org/10.1109/TSMC.1984.6313207
https://doi.org/10.1115/1.2919210
https://doi.org/10.1109/83.413166
https://doi.org/10.1006/CGIP.1994.1030
https://doi.org/10.1016/J.PATREC.2021.02.002
https://doi.org/10.1007/978-3-032-19347-6_15
https://doi.org/10.1007/978-3-032-19347-6_15
https://doi.org/10.1088/1402-4896/aafbcb
https://doi.org/10.1002/(SICI)1098-1098(1998)9:2/3\<126::AID-IMA9\>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1098-1098(1998)9:2/3\<126::AID-IMA9\>3.0.CO;2-D
https://doi.org/10.1007/1-84628-203-9
https://doi.org/10.1007/1-84628-203-9
https://doi.org/10.1007/978-3-031-57793-2\_12
https://doi.org/10.1007/978-3-031-57793-2\_12
https://doi.org/10.1007/S10472-014-9404-Z
https://doi.org/10.1007/S10472-014-9404-Z
https://doi.org/10.1007/978-3-031-23612-9\_1
https://doi.org/10.1007/978-3-030-05288-1\_6


ICAI 2026 Creating Images on Non-Traditional Grids for Digital Image Processing

[21] B. Nagy, M. Saadat: Digital distances on the 4-fold pentille tessellation, Scientific Reports
15 (2025), p. 35601, doi: 10.1038/s41598-025-17010-4.

[22] M. Saadat, B. Nagy: Digital Geometry on the Dual of Some Semi-regular Tessellations,
in: Discrete Geometry and Mathematical Morphology - First International Joint Confer-
ence, DGMM 2021, Uppsala, Sweden, May 24-27, 2021, Proceedings, ed. by J. Lindblad, F.
Malmberg, N. Sladoje, Lecture Notes in Computer Science, Springer, 2021, pp. 283–295,
doi: 10.1007/978-3-030-76657-3\_20.

[23] M. Saadetoglu, A. Avkan, B. Nagy, M. Saadat: On the Size of the Bijective Regions in
Digital Rotations on the Hexagonal Grid, in: International Symposium on Image and Signal
Processing and Analysis, ISPA 2023, Rome, Italy, September 18-19, 2023, IEEE, 2023, pp. 1–
6, doi: 10.1109/ISPA58351.2023.10278914.

[24] R. C. Staunton: The design of hexagonal sampling structures for image digitization and
their use with local operators, Image Vis. Comput. 7.3 (1989), pp. 162–166, doi: 10.1016/0
262-8856(89)90040-1.

[25] N. D. Turgay, B. Nagy, G. Kovács, B. Vizvári: Weighted distances in the Cairo pattern,
Pattern Recognit. Lett. 166 (2023), pp. 105–111, doi: 10.1016/J.PATREC.2023.01.004.

[26] P. Wiederhold, S. Morales: Thinning on Quadratic, Triangular, and Hexagonal Cell
Complexes, in: Combinatorial Image Analysis, 12th International Workshop, IWCIA 2008,
Buffalo, NY, USA, April 7-9, 2008. Proceedings, ed. by V. E. Brimkov, R. P. Barneva,
H. A. Hauptman, Lecture Notes in Computer Science, Springer, 2008, pp. 13–25, doi: 10.1
007/978-3-540-78275-9\_2.

[27] C. A. Wüthrich, P. Stucki: An algorithmic comparison between square- and hexagonal-
based grids, CVGIP Graph. Model. Image Process. 53.4 (1991), pp. 324–339, doi: 10.1016
/1049-9652(91)90036-J.

https://icai.uni-eszterhazy.hu/2026 65https://icai.uni-eszterhazy.hu/2026 65https://icai.uni-eszterhazy.hu/2026 65

https://doi.org/10.1038/s41598-025-17010-4
https://doi.org/10.1007/978-3-030-76657-3\_20
https://doi.org/10.1109/ISPA58351.2023.10278914
https://doi.org/10.1016/0262-8856(89)90040-1
https://doi.org/10.1016/0262-8856(89)90040-1
https://doi.org/10.1016/J.PATREC.2023.01.004
https://doi.org/10.1007/978-3-540-78275-9\_2
https://doi.org/10.1007/978-3-540-78275-9\_2
https://doi.org/10.1016/1049-9652(91)90036-J
https://doi.org/10.1016/1049-9652(91)90036-J
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


Proceedings of the
13th International Conference on Applied Informatics
Eger, Hungary, February 19–21, 2026
DOI: 10.17048/icai.2026.66
pp. 66–80

Topology-Aware Neural Vectorization of
Orienteering Maps: Contour

Segmentation as a Demanding Test Case
for Editable Reconstruction

Péter Borbás, Ede Troll

Eszterházy Károly Catholic University, Eger, Hungary
borbas.peter@uni-eszterhazy.hu

troll.ede@uni-eszterhazy.hu

Abstract. We present a reproducible end-to-end pipeline for converting prin-
ted orienteering maps into editable vector layers. While the broader frame-
work targets multiple ISOM symbol classes, this paper focuses on elevation
contours as a particularly demanding test case because they are central to
terrain interpretation, frequently occluded by overprinted symbols, and sen-
sitive to topological degradation during raster-to-vector conversion.

To assess practical usefulness rather than raster similarity alone, we com-
bine overlap metrics (Dice, IoU, Boundary-F1) with topology- and structure-
aware measures, including Betti error, warping error, and graph-level error
proxies. The experiments reveal a consistent raster–vector mismatch: models
with nearly identical raster validation scores can produce materially differ-
ent vector graphs after tracing. In particular, U-Net with a ResNet-18 en-
coder provided the best efficiency–quality trade-off despite near-tied raster
scores with heavier variants, while topology-aware losses improved topology-
related raster metrics without a comparably strong advantage in the post-
vectorization evaluation. These results show that editable map reconstruction
must be evaluated end-to-end in the vector domain, since raster overlap alone
is not a reliable proxy for downstream structural fidelity or subsequent editing
effort.

Keywords: orienteering maps, map vectorization, contour extraction, U-Net,
topology-aware evaluation, raster-to-vector conversion
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1. Introduction
This paper examines whether elevation contours can be recovered from printed
orienteering maps in a form suitable for editable vector reconstruction. In the
broader TANVOM framework, contour extraction serves as a demanding test case
for multi-layer recovery.

Printed orienteering maps are a difficult vectorization domain. They are stan-
dardized by the International Specification for Orienteering Maps (ISOM), yet
visually dense and heavily layered [8]. Contours, paths, vegetation, and other sym-
bols often overlap or partially occlude one another, while some interruptions are
cartographically valid rather than erroneous. As a result, classical thresholding–
thinning–tracing pipelines are often unstable on noisy or scanned inputs, especially
when semantic context is needed to disambiguate overlapping structures.

Contours are particularly suitable for evaluation. They are central to terrain
interpretation, but also topologically fragile: small raster defects can easily turn
into breaks, spurs, or false junctions after skeletonization and graph tracing. This
makes contour extraction a useful benchmark for testing whether raster predictions
remain useful after deterministic raster-to-vector conversion.

A further challenge is evaluation. In practice, the final artifact is not a seg-
mentation mask but an editable vector graph. Raster overlap alone is therefore
insufficient for model selection. Inspired in part by prior contour-vectorization
work that emphasized topology-aware and editing-oriented assessment [20], we ask
whether raster-level metrics reliably predict downstream vector quality, or whether
model rankings change after tracing.

The main contributions are threefold. First, we describe a reproducible end-
to-end pipeline from OCAD-derived symbol masks to editable GeoJSON/OMAP
outputs. Second, we define an evaluation protocol that combines raster overlap,
topology-aware diagnostics, and post-vectorization benchmarking under a fixed de-
terministic backend. Third, through controlled architecture and loss comparisons,
we show that raster-domain metrics alone are weak predictors of downstream ed-
itability, so model selection should be performed end-to-end in the vector domain.

2. Related Work
Map vectorization has a long tradition in document analysis and GIS. Classical
systems typically decompose the task into colour or intensity separation, raster
cleanup, thinning, and geometric tracing. In historical-map workflows, colour
thresholding and statistical pixel classification have been used to isolate thematic
layers, after which morphology, skeletonization, and line-following convert raster
masks into vector primitives [1, 7]. Practical vectorization tools and contour-
specific workflows follow similar assumptions: if the input is clean and the tar-
get colour is well separated, thinning-based conversion can produce useful editable
curves [14, 21]. However, these methods are local and parameter-sensitive. Pa-
per texture, scan noise, colour drift, compression, and overprinted symbols can
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change the appearance of the same cartographic object, and small raster errors
may become broken polylines, false junctions, or unnecessary manual edits.

Contour extraction from topographic paper maps has also been studied as a ded-
icated problem. Earlier work on USGS paper maps combined colour separation,
line tracking, and geographic-feature extraction to recover contour and auxiliary in-
formation [9]. Oka et al. studied contour vectorization from scanned topographic
maps using a sequence of segmentation, thinning, and geometric reconstruction
steps [13]. These approaches demonstrate that traditional pipelines can be ef-
fective under controlled map design and scanning conditions, but they have lim-
ited semantic understanding of whether a line interruption is intentional, whether
nearby fragments should be connected, or whether a crossing is cartographically
meaningful. In printed orienteering maps this limitation is amplified by the ISOM
symbol system, where contours, paths, vegetation screens, rock features, erosion
gullies, and point symbols may overlap in dense areas, and where some breaks are
intentional for legibility [8].

Deep learning changed the front end of this pipeline by replacing hand-tuned
colour rules with learned segmentation models. Encoder–decoder architectures
such as U-Net are widely used because they combine fine spatial localization with
contextual features [17]. More broadly, CNN-based segmentation has become a
standard tool in image segmentation and remote sensing, where robustness to tex-
ture, local clutter, and appearance variation is crucial [11, 12, 23]. In historical-map
research, semantic segmentation has been used to transfer across heterogeneous
map styles [16], while road-network extraction from historical maps has been ad-
dressed with deep-learning models designed for variable symbols, sheet quality, and
class imbalance [5, 19, 22]. These studies show that learned raster prediction can
reduce the brittleness of threshold-based systems, but they also highlight a key
limitation for cartographic production: a high-quality segmentation mask is not
automatically an editable vector map.

Recent map-vectorization research therefore increasingly evaluates the full re-
construction pipeline. Chen et al. proposed a deep edge filtering approach in which
a neural model predicts a simplified edge map that is then converted into closed
shapes [3]; the same research direction later led to a benchmark for automatic
historical-map vectorization [4]. This is close in spirit to our downstream-aware
setup, because the neural stage and the deterministic geometric stage are consid-
ered together. However, much of this work targets region boundaries and closed
polygonal objects. Thin linear objects have different failure modes, including frag-
mentation, duplicated centerlines, dangling endpoints, false junctions, and unstable
graph connectivity. These errors may be visually small but costly in a cartographic
editor.

The closest recent work to the present contour setting is the study by Vynikal
and Pacina, who investigate automatic elevation-contour vectorization with a deep-
learning approach and emphasize evaluation after vectorization [20]. Their work
moves contour extraction beyond pixel overlap and toward edit-oriented assess-
ment. Our paper follows the same downstream motivation, but differs in domain
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and task constraints. Orienteering maps are competition-oriented, highly general-
ized, multi-layer documents governed by ISOM. This creates additional ambiguity
between the printed symbol and the intended editable geometry, especially around
valid breaks, overprint, and symbol families sharing similar colours.

A parallel line of research aims to improve the topology of thin-structure seg-
mentation directly through the loss function. Topology-preserving losses can pe-
nalize changes in connected components and holes [6]; clDice encourages centerline
overlap for tubular structures [18]; and Skeleton Recall Loss was introduced to pre-
serve connectivity more efficiently for thin structures [10]. These losses are relevant
to contour recovery because the downstream vector graph depends heavily on con-
nectivity. Nevertheless, recent reassessments suggest that topology-based losses do
not always outperform well-tuned baselines and may be sensitive to implementa-
tion and evaluation choices [15]. This motivates the central question of the present
paper: whether topology-oriented improvements visible in the raster domain sur-
vive thresholding, skeletonization, graph tracing, and export into editable vector
objects.

3. Problem Setting and Data

3.1. Cartographic domain and task focus
Orienteering maps are specialized topographic maps designed for fast terrain nav-
igation. They encode landforms, runnability, vegetation, paths, and other navi-
gationally relevant features in a compact standardized symbol system. In printed
ISOM maps, contours coexist with black path symbols, erosion-related line sym-
bols, vegetation overlays, and other content that may overlap spatially or appear
visually similar.

The broader TANVOM framework targets multi-layer ISOM recovery, includ-
ing linework and region layers. The current system already covers several groups,
such as contour geometry, black-road geometry, rare line symbols, multi-class re-
gion bases, and multi-label region overlays. In this paper, however, we isolate the
contour component and formulate it as a binary segmentation task in which ISOM
101 and 102 are merged into a single target.

This design is deliberate. For editable reconstruction, preserving contour con-
tinuity is more important than distinguishing ordinary and index contours during
raster prediction. The task is therefore defined as geometry-first contour recovery,
making it an appropriate demanding test case for downstream vector reconstruc-
tion.

3.2. OCAD-derived ground truth and dataset construction
Ground truth is generated from symbol-specific OCAD exports rather than manual
pixel annotation. This is a major practical advantage of the domain: because the
original cartographic content already exists in a structured authoring environment,
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the training targets can be derived from authoritative symbol layers. The contour
target is built by merging the ISOM 101 and 102 layers into a single binary mask.
Training data are constructed from full map sheets by tiled sampling.

Table 1. Summary of the contour dataset used in the experiments.

Tile size 512 × 512 px
Stride 128 px
Augmented variants per base tile 4
Training samples 18,880
Validation samples 2,664
Total samples 21,544
Ground truth source OCAD symbol-layer exports
Primary contour target ISOM 101+102 merged

The augmentation policy is designed to preserve geometric correctness while
simulating print and scan variability. Geometric transforms are restricted to dis-
crete D4-type operations such as flips and right-angle rotations, so masks remain
pixel-aligned with downstream tasks that depend on exact correspondence. Ap-
pearance augmentations simulate realistic degradations such as contrast changes,
blur, motion blur, noise, JPEG-like compression, and mild color jitter. This mat-
ters because the practical deployment target is not a perfectly clean vector-native
export, but printed or scanned map images whose artifacts can later be amplified
by thinning and tracing.

Figure 1. Examples of augmented training tiles used for contour
segmentation. The augmentations increase appearance variability
while preserving the geometric consistency of the contour labels.

The processed tile-level dataset used in this study is publicly available on Zen-
odo [2].
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3.3. Broader pipeline context

Although contours are the only quantitatively analyzed symbol family in this paper,
the broader pipeline context is worth stating explicitly. In the full system, roads
are treated in a geometry-first manner by merging ISOM 503–508 into a single
roads-black mask, followed by type attribution on the traced polylines. Rare linear
symbols are represented as per-code binary masks. Region layers are handled
by a two-head formulation: a base landcover head predicts exactly one class per
pixel, while overlay heads predict per-code binary masks that may overlap the
base layer. A separate road-typing dataset is created by sampling RGB patches
along skeletonized road pixels and storing them in a compact chunked format.
This broader context is not analyzed in detail here, but it motivates why contour
editability is treated as a demanding test case rather than as an isolated end in
itself.

4. Method

4.1. End-to-end reconstruction pipeline

The proposed workflow consists of five reproducible stages. First, symbol-specific
layers are exported from OCAD to obtain authoritative raster masks. Second, these
masks and the corresponding RGB map sheets are converted into a tiled dataset
with deterministic splitting and augmentation. Third, a neural segmentation model
predicts contour probabilities on tiles or stitched full maps. Fourth, the raster
predictions are converted into vectors by a fixed deterministic backend. Finally,
the reconstructed linework is exported to editable formats such as GeoJSON and
OpenOrienteering Mapper project files.

Figure 2. High-level overview of the TANVOM pipeline. Raster-
to-vector conversion is treated as part of the evaluated method

rather than as an informal post-processing step.

Because the practical output is an editable vector layer, evaluation is performed
on the full reconstruction pipeline rather than on raster prediction alone.
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4.2. Contour prediction models
For contour prediction, we use U-Net-family models with ResNet encoders. The
main architecture comparison includes three variants: U-Net with a ResNet-18
encoder, U-Net with a ResNet-34 encoder, and U-Net++ with a ResNet-34 encoder.
The goal is to determine which backbone yields the most useful contour vectors
under a shared tracing policy, rather than merely which one maximizes a raster
overlap metric.

In addition to standard BCE-style training, we also include a positive-weighted
BCE setting that tends to produce thicker strokes. This serves as a controlled
calibration test: if a metric is reliable for model selection, its ranking should remain
meaningful after vectorization as well.

4.3. Deterministic raster-to-vector conversion
The contour model outputs a probability map, which is thresholded, skeletonized,
converted into a graph, and traced into polylines. Simplification, artifact removal,
endpoint handling, and graph cleanup are all governed by a fixed policy, after which
the results are exported in standard editable formats.

Using a fixed backend is essential for fair comparison. It ensures that differences
in final editability can be attributed to the learned raster predictions rather than
to per-model tuning of the tracing stage.

4.4. Evaluation protocol
The evaluation is explicitly downstream-oriented. At the raster level, we compute
Dice, IoU, and tolerance-aware Boundary-F1. While Dice and IoU summarize
overlap, Boundary-F1 is more suitable for thin-line structures because it is less
sensitive to small spatial shifts that may be acceptable in practice.

To assess structural correctness, we also compute warping error and Betti error
on skeletonized representations. Warping error measures geometric mismatch be-
tween predicted and reference centerlines, whereas Betti error captures topological
differences in connected components and holes. These metrics are evaluated both
on the raster prediction and after vectorization by rasterizing the exported vectors
back to the grid.

We further record graph-level proxies such as polyline counts, dangling end-
points, intersections, and generalized error sites obtained by clustering local anoma-
lies. Since some contour interruptions are cartographically valid, topology is in-
terpreted in a context-aware way and allowed breaks are excluded from editing-
relevant error summaries.

The final stage is post-vectorization evaluation. After tracing the predicted
linework into vectors, we rasterize the exported polylines back to the evaluation grid
and recompute the same overlap and topology metrics. This provides a controlled
measure of how much quality is preserved, or lost, during thresholding, thinning,
tracing, and cleanup.
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5. Experiments

5.1. Architecture screening and metric stress test

The first experimental block serves two purposes. The primary goal is to select the
most suitable contour backbone among three U-Net-family variants: U-Net with a
ResNet-18 encoder, U-Net with a ResNet-34 encoder, and U-Net++ with a ResNet-
34 encoder. The secondary goal is to test the stability of the evaluation criteria
under a controlled calibration shift induced by positive-class-weighted BCE.

In the calibration-test setting, BCE is reweighted in favor of the sparse contour
foreground using a positive-class weight. As expected for a thin-line task, this shifts
the probability field toward thicker foreground responses. In raster space, such
thickening typically lowers overlap quality and increases structural mismatch, since
even small width changes strongly affect sparse masks. Under deterministic tracing,
however, the effect is not monotonic: some post-vectorization metrics improve
despite worse raster-domain scores, while the exported polyline count may increase
because thicker responses can generate short spurs or locally duplicated centerlines
after skeletonization. This calibration test is useful precisely because it reveals that
metric rankings need not remain stable across the raster-to-vector transition.

For the architecture comparison itself, all three baselines were trained and evalu-
ated under the same data split, augmentation policy, thresholding rule, and tracing
backend. Their selected-epoch validation overlap metrics were nearly tied, so the
final choice was driven mainly by downstream graph quality and training efficiency.
On the proof-tile evaluation, the RN18 backbone produced the lowest generalized
error count per tile while also requiring the least training time per epoch. Table 2
summarizes the screening result.

Table 2. Architecture screening for contour extraction. Dice, IoU,
and BF1 are selected-epoch validation metrics; generalized errors
per tile are measured after vectorization on the proof-tile subset.
The RN18 model was selected because its raster scores are compet-
itive while its downstream graph-error count and training cost are

both lower.

Model Dice IoU BF1 Gen. err./tile Min./epoch
U-Net RN18 0.8616 0.7621 0.9814 22.50 12.50
U-Net RN34 0.8632 0.7649 0.9816 32.75 14.04
U-Net++ RN34 0.8629 0.7651 0.9787 24.50 29.75

The conclusion of this stage is not that architecture is irrelevant, but that raster
overlap alone is insufficient for choosing among otherwise similar backbones. Under
the shared tracing policy, RN18 provides the best efficiency–quality trade-off and
is therefore used as the default contour backbone in the subsequent loss study.
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(a) Raster-domain metric comparison between the baseline BCE model and the positive-
class-weighted BCE variant, evaluated on the raw prediction outputs before vectorization.

(b) Whole-map metric comparison between the baseline BCE model and the positive-class-
weighted BCE variant after deterministic vectorization. Unlike the raster-domain compari-

son, these results reflect the quality of the traced and re-rasterized contour vectors.

Figure 3. Effect of positive-class weighting before and after deter-
ministic vectorization. The top panel shows raster-domain evalu-
ation, while the bottom panel shows whole-map post-vectorization

evaluation after tracing and re-rasterization.

74 Proceedings of the ICAI 202674 Proceedings of the ICAI 202674 Proceedings of the ICAI 2026



ICAI 2026 Topology-Aware Neural Vectorization of Orienteering Maps. . .

5.2. Loss ablation under a fixed vectorization backend
The second experimental block evaluates whether topology-aware objectives im-
prove the final editable contour vectors more reliably than overlap-oriented base-
lines. All runs use the RN18 backbone, the same train/validation split, the same
augmentation protocol, the same inference threshold, and the same determinis-
tic vectorization backend. The compared losses are BCE+Dice with Dice weights
{0.0, 0.10, 0.25, 0.50}, BCE+soft-clDice, and BCE with an additional skeleton-recall
term.

This ablation is designed to answer an end-to-end question rather than a purely
raster one. If a topology-aware loss is genuinely useful for cartographic editing, then
its benefit should remain visible after thresholding, skeletonization, graph tracing,
cleanup, and export. A gain that appears only on raster masks but disappears after
deterministic vectorization has limited practical value in the present workflow.

To keep the comparison interpretable, raster-domain and post-vectorization re-
sults are reported separately. Table 3 lists whole-map raster metrics, while Ta-
ble 4 gives the corresponding post-vectorization results obtained by tracing the
predictions into contour polylines and rasterizing the exported vectors back to the
evaluation grid.

Table 3. Whole-map raster-domain results for the RN18 contour
loss ablation. Topology-aware losses strongly reduce raster-domain
Betti error, while BF1 remains within a narrow range across the

competitive variants.

Loss Dice (raster) IoU (raster) BF1 (raster) Betti (raster) Warp (raster)
BCE 1.640 × 10−2 8.265 × 10−3 0.977 1.802 × 105 1.920
BCE+Dice 0.10 1.677 × 10−2 8.458 × 10−3 0.978 1.380 × 105 1.923
BCE+Dice 0.25 1.733 × 10−2 8.740 × 10−3 0.976 1.178 × 105 1.922
BCE+Dice 0.50 1.710 × 10−2 8.623 × 10−3 0.978 1.011 × 105 1.924
BCE+soft-clDice 2.658 × 10−2 1.347 × 10−2 0.978 5.102 × 104 1.915
BCE+Skeleton-Recall 2.317 × 10−2 1.172 × 10−2 0.977 3.169 × 104 1.920

Table 4. Post-vectorization results after deterministic tracing and
re-rasterization of exported contour polylines. In contrast to the
raster-domain Betti reduction, vector-domain Betti and warping

errors remain tightly clustered across the competitive variants.

Loss Polylines Dice (vector) IoU (vector) BF1 (vector) Betti (vector) Warp (vector)
BCE 929 6.395 × 10−3 3.208 × 10−3 0.916 2.411 × 105 1.902
BCE+Dice 0.10 915 3.291 × 10−3 1.648 × 10−3 0.953 2.417 × 105 1.916
BCE+Dice 0.25 909 2.706 × 10−3 1.355 × 10−3 0.958 2.416 × 105 1.915
BCE+Dice 0.50 900 2.689 × 10−3 1.346 × 10−3 0.959 2.416 × 105 1.913
BCE+soft-clDice 918 3.070 × 10−3 1.537 × 10−3 0.960 2.414 × 105 1.914
BCE+Skeleton-Recall 939 2.584 × 10−3 1.293 × 10−3 0.957 2.416 × 105 1.915

The raster-domain trend is clear. Relative to plain BCE, the topology-aware
losses reduce raster Betti error substantially: soft-clDice lowers it from 1.802 × 105
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to 5.102 × 104, while Skeleton-Recall reduces it further to 3.169 × 104. At the
same time, raster BF1 remains tightly grouped in the 0.976–0.978 range, so the
main separation appears in the topology-oriented metric rather than in boundary
alignment.

The very low whole-map Dice and IoU values should be interpreted in the
context of extremely sparse thin-line targets and strict re-rasterized comparison; in
this setting, small centerline shifts or width differences can strongly depress overlap
scores even when the reconstructed contour geometry remains practically usable.

After vectorization, this separation is much smaller. Post-vectorization Betti
error remains close to 2.41×105 across the competitive losses, warping error changes
only marginally, and post-vectorization BF1 and IoU form a narrow band. Polyline
counts are also similar, ranging from 900 to 939, indicating that the fixed tracing
backend largely determines the final contour-graph structure.

Figure 4 supports the same conclusion. The lowest generalized error count is
obtained by BCE+Dice with Dice weight 0.50 (1259). Thus, topology-aware losses
improve raster topology, but do not provide a clear advantage in the final exported
contour graph under the current vectorization policy.

Figure 4. Whole-map generalized error sites after deterministic
vectorization for the evaluated RN18 loss variants. Lower values
indicate fewer clustered topological repair locations in the exported

contour graph.

From a practical perspective, BCE+Dice with Dice weight 0.50 is the strongest
default among the tested losses. It combines the best raster BF1, competitive post-
vectorization BF1, the lowest polyline count among the strongest variants, and the
lowest generalized error count after vectorization. Under the current fixed backend,
the main limitation is therefore not the absence of topology-aware supervision,
but the limited extent to which raster-domain improvements survive deterministic
raster-to-vector conversion.
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6. Results and Discussion

6.1. Raster–vector mismatch
The main finding of the paper is the mismatch between raster-domain quality
and downstream vector quality. In both the architecture screening and the RN18
loss ablation, rankings changed after deterministic tracing: settings that improved
raster-domain metrics did not necessarily yield better exported contour graphs.
This shows that raster overlap and raster topology metrics are not sufficient as
stand-alone criteria for model selection in editable contour reconstruction.

This is practically important because the target artifact is an editable vector
layer rather than a raster mask. Subsequent editing effort is driven by fragmenta-
tion, duplicated centerlines, spurs, unstable junctions, and unexplained endpoints,
all of which may emerge or worsen during thresholding, skeletonization, and trac-
ing. For this reason, post-vectorization metrics and graph-level repair proxies are
more informative than raster scores alone.

Whole-map correlations across the six RN18 loss variants support the same
conclusion. Although the sample is small, raster-domain and post-vectorization
rankings show weak agreement under the fixed tracing backend.

Table 5. Whole-map raster-to-vector correlation across the six
RN18 loss variants. Low absolute correlations indicate only weak
agreement between raster-domain and post-vectorization rankings.

Metric Pearson r
Dice -0.356
IoU -0.356
Boundary-F1 -0.048
Betti error -0.411
Warping error 0.127

Figure 5. A qualitative end-to-end reconstruction example show-
ing how contour extraction fits into the broader editable-layer

pipeline.
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The same pattern appears in the post-vectorization repair proxies. Under the
current backend, BCE+Dice with Dice weight 0.50 produces the lowest generalized
error count and the lowest polyline count among the strongest variants, while
topology-aware losses do not provide a clear downstream advantage despite their
stronger raster-domain Betti reductions.

6.2. Implications for broader recovery
Although the experiments are contour-centered, the implications extend to the
broader TANVOM framework. As additional symbol families are added, evaluation
must remain end-to-end, whole-map based, and sensitive to downstream vector
quality. The surrounding experiments also suggest that different symbol groups
require different calibration and that aggregate raster scores may hide class-specific
failure modes. This makes head-specific postprocessing and class-aware checkpoint
selection more realistic than a single global criterion.

6.3. Limitations and future work
The study intentionally focuses its quantitative analysis on contours. This makes
the experiments controlled and highlights a difficult thin-line case, but it also limits
how far the numerical conclusions can be generalized to other ISOM symbol fami-
lies. Roads, rare linear symbols, landcover regions, and overlay patterns are already
represented in the broader TANVOM pipeline, yet their full quantitative evalua-
tion is left for future work. A second limitation is that editing effort is estimated
through structural proxies such as unexplained endpoints, intersections, polyline
counts, and generalized error clusters. These quantities are closer to the practical
goal than pixel overlap, but they are still only approximations. A user-based editor
study, measuring actual correction time and mapper judgement, would provide a
stronger validation of the proposed error proxies.

Future work should therefore extend the benchmark to additional symbol classes,
perform postprocessing and calibration sweeps under the same vector-after proto-
col, and compare structural proxy scores with real manual editing sessions. This
would make it possible to separate three sources of error more clearly: neural
recognition, probability calibration, and deterministic graph reconstruction.

7. Conclusion
This paper presented a contour-centered study of topology-aware neural vectoriza-
tion for printed orienteering maps. Contours were used as a demanding test case
because they are both cartographically central and highly sensitive to topological
degradation during raster-to-vector conversion. The proposed workflow combines
OCAD-derived ground truth, tiled training data, neural contour prediction, deter-
ministic vectorization, and editable export in a single reproducible pipeline.
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The experiments lead to a consistent conclusion: raster-domain metrics remain
useful, but they are not sufficient for selecting models when the final output is an
editable vector layer. Under the present fixed backend, U-Net with a ResNet-18
encoder provided the best efficiency–quality trade-off, while BCE+Dice with Dice
weight 0.50 was the strongest practical default among the tested losses.

More broadly, the study shows that map-reconstruction benchmarks should be
aligned with the final artifact. If the goal is editable vector recovery, then evaluation
must be performed end-to-end in the vector domain.
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Abstract. Maintaining code quality remains a significant challenge in both
educational and professional software development. This paper presents the
development and evaluation of static code analysis tools aimed at identifying
structural issues, such as complexity, cohesion, and maintainability in C#
projects. The analyzers were applied to student projects from a Software
Technology course. Code metrics were computed across multiple development
milestones to track trends in code quality over time.

In addition to student projects, a diverse set of publicly available open-
source C# projects was analyzed to evaluate the behavior of the implemented
metrics in real-world software systems. These projects vary in size, domain,
architectural style, and development practices, enabling a broader assess-
ment of the robustness and general applicability of the approach. Due to the
wide range of targeted .NET versions and dependency configurations across
projects, the analysis was conducted using a Docker-based environment to
provide controlled and reproducible execution contexts.

The results demonstrate that metric-based static analysis can effectively
support the early detection of problematic code segments and provide ac-
tionable insights to improve software quality. The approach is adaptable
and shows potential for integration into continuous development workflows
in both academic and real-world environments.

Keywords: static code analysis, software metrics, code quality, maintainabil-
ity, cohesion, complexity, C#, student projects, open-source software
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1. Introduction
The increasing size and complexity of modern software systems place growing de-
mands on both developers and educators to ensure long-term code quality. While
conventional static analysis tools have proven effective in identifying syntax errors,
type mismatches, and some well-known anti-patterns [9, 15], they often fall short
in capturing deeper structural issues that affect software quality, such as com-
plexity, maintainability, and readability. By quantifying specific properties such
as cyclomatic complexity [19], cohesion, and parameter count in functions, soft-
ware metrics can reveal patterns that may not be immediately obvious through
traditional analysis methods [24, 28].

In the context of university assignment and submission management systems
– such as TMS (Task Management System)1 and Submitty2 – previous research
has already explored the application of automatic static code analysis to support
the evaluation of student submissions [3, 14, 25]. Building on this foundation,
our research aims to extend these tools to enable complexity and cohesion-based
analysis of student projects written in C#, using various software metrics, and
focusing on the automatic detection of problematic code segments and code smells.
The metrics examined and implemented during the research include Lack of Co-
hesion of Methods (LCOM) [16], Bumpy Road [5], Functional Parameter Count,
Maintainability Index [20], Class coupling [1], and Cyclomatic Complexity [19]. The
implementation is based on the well-known .NET Compiler Platform SDK (Roslyn)
[21]. These metrics can be used to determine the complexity and cohesion of the
code. By continuously monitoring these metrics, it becomes possible to track their
fluctuations throughout the development lifecycle and to evaluate the coherence of
the system at the module and type levels.

The main contributions of this paper are the implementation of code metric
analyzers based on the Roslyn platform and their application to both student and
open-source C# projects. Furthermore, the study provides an empirical evaluation
of these metrics, including threshold calibration using the elbow method and a
comparative analysis across educational and real-world software systems.

2. Related work
Static analysis has been widely used to support the automated evaluation of student
programming submissions. Kaszab, Cserép demonstrated that static analyzers
can effectively identify common programming errors and coding standard violations
in large collections of C++ and C# student solutions [15]. Their work led to the
integration of static analysis into the Task Management System (TMS), showing
that automated feedback can improve submission quality while reducing instructor
workload.

1https://tms-elte.gitlab.io
2https://submitty.org/
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Beyond rule-based analysis, software metrics have long been used to assess
code quality, complexity, and maintainability. A comprehensive review by Nuñez-
Varela et al. summarizes the use of code metrics across multiple programming
paradigms, highlighting the prevalence of object-oriented metrics such as CK met-
rics, Lines of Code, and Cyclomatic Complexity in quality assessment and fault
prediction [24]. Earlier work at NASA’s Software Assurance Technology Center
[28] emphasizes that software defects are often introduced early in development,
motivating the use of metrics to support early detection and prevention.

Software metrics have also been applied to defect prediction using machine
learning techniques. Rebro, Chren, Rossi evaluated multiple object-oriented
metrics on large Java codebases and found that cohesion- and structure-related
metrics outperform simple size-based measures such as Lines of Code [27]. Struc-
tural metrics have been used to study software stability over time, for example,
through coupling-based instability measures [18, 29].

Cohesion metrics, particularly the Lack of Cohesion of Methods (LCOM), have
been extensively studied. Kirğil, Ayyildiz compared several LCOM variants and
showed that LCOM5 provides a more sensitive measure of cohesion changes after
refactoring [16]. However, applying cohesion metrics in practice requires care-
ful threshold selection. Mishra [22] highlights that metric thresholds are highly
context-dependent, while Filó, Bigonha, Ferreira provide empirical evidence
that empirically tuned thresholds can reduce false positives in quality assessment
[7].

Finally, prior work in software engineering education shows that students often
struggle to refactor complex code [26], reinforcing the need for automated tools
that can highlight problematic code segments early and guide targeted instructional
intervention.

3. Methodology
The metrics analyzer must fulfill certain requirements: some of these are basic
concepts for analyzers, others are special requirements for making a possible inte-
gration into assignment grading systems easier.

1. The tool must be able to perform code metrics calculation on a given C#
solution.

2. The threshold values for these metrics should be adjustable from a configu-
ration file.

3. The tool must be capable to produce a machine-interpretable output (e.g. a
XML file), in addition to a summarized console output. This detailed output
shall contain the metric results segmented by methods or classes, showing the
corresponding metric values. The output path should also be configurable.

4. The analyzer should be applicable to arbitrary C# projects targeting the
.NET platform without requiring project-specific modifications. Only a so-
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lution or project file should be needed, while unsupported frameworks or
custom build procedures may require additional configuration.

The analyzer relies on the Roslyn compiler platform to construct semantic mod-
els from C# projects. In most cases, providing a solution or project file is sufficient,
and dependencies are restored automatically through the standard .NET build pro-
cess. The approach has been successfully applied to WPF, Avalonia, Unity, and
ASP.NET-based projects.

3.1. Implemented code metrics
In this section, the implemented code smells are presented.

3.1.1. Bumpy Road

This analyzer evaluates the nesting depth of statements within a method body. If
the method body is empty or contains no statements, it is skipped. Otherwise,
the nesting depth is computed recursively for each relevant statement. Relevant
statements are if, for, while, do, switch, block, local declaration statement and
expression statement. The result of the metrics is the average depth across all
statements. The diagnostic is reported if this value exceeds the threshold defined
in the configuration [5].

3.1.2. Functional Parameter Count

Methods with a high number of parameters are harder to read and understand, and
they often indicate that the method does not have a single responsibility or that the
required data is not properly encapsulated. A long parameter list also increases
coupling to callers, makes call sites noisier, and complicates testing and reuse.
Clean Code explicitly recommends keeping the number of function parameters
low (ideally zero to two, and avoiding three or more when possible), since each
additional parameter raises the cognitive load and the chance of incorrect usage
[17].

This method-level analyzer counts the parameters for a given method and re-
ports the result if it is higher than the configured threshold.

3.1.3. Lack of Cohesion of Methods

The LCOM4 metric [13] measures how well the methods in a class are connected
by calling each other or accessing common fields. A cohesive class will have few
independent method groups.

The LCOM5 is a stricter cohesion metric than LCOM4. It calculates cohesion
based on the fields accessed by all methods of a class. If no fields are shared
across methods, LCOM5 value approaches 1, indicating poor cohesion; if many
fields are shared, the LCOM5 value approaches 0, indicating good cohesion. There
are multiple approaches to compute the LCOM5 metric and studies have shown

84 Proceedings of the ICAI 202684 Proceedings of the ICAI 202684 Proceedings of the ICAI 2026



ICAI 2026 Assessing Software Metrics and Complexity. . .

[16] that the variant defined by Henderson and Sellers [11] is superior. If l is the
number of attributes, k is the number of methods, and a is the sum of the number
of distinct attributes, that are accessed by every method in a class, then LCOM5
is calculated as follows:

LCOM5 = a − kl

l − kl

3.1.4. Maintainability index

Calculates an index value between 0 and 100 that represents the relative ease of
maintaining the code. Higher values represent better maintainability. If HV is the
Halstead Volume, CC is Cyclomatic Complexity and LC is the Lines of Code, than
the maintainability index can be calculated as follows [20]:

MI = max
(︄

0,
100
171 ×

(︂
171 − 5.2 × ln(HV) − 0.23 × CC − 16.2 × ln(LC)

)︂)︄

3.1.5. Cyclomatic complexity

Cyclomatic complexity measures the structural complexity of code by counting the
number of linearly independent execution paths within a method. It is primarily
influenced by the presence of control-flow constructs such as conditional branches
and loops. While this metric is conceptually related to the implemented Bumpy
Road code smell, the two can yield different results in practice.

The Bumpy Road metric focuses on sudden changes in complexity across con-
secutive code segments, capturing irregular growth patterns within a method. In
contrast, cyclomatic complexity reflects the overall decision density of a method,
regardless of how that complexity is distributed. As a result, a method with evenly
distributed control flow may exhibit high cyclomatic complexity without triggering
the Bumpy Road smell, whereas a method with localized spikes in complexity may
be flagged by Bumpy Road despite having a moderate overall cyclomatic complex-
ity.

3.1.6. Class coupling

Class Coupling measures the degree of coupling to unique classes through parame-
ters, local variables, return types, method calls, generic or template instantiations,
base classes, interface implementations, fields defined on external types, and at-
tribute decorations. Good software design emphasizes high cohesion and low cou-
pling. High coupling suggests a design that is difficult to reuse and maintain due
to its numerous interdependencies with other types.

3.2. Determining threshold values for implemented analyzers
To minimize false positives and undetected faults, it is crucial to establish appro-
priate threshold values for software metrics, beyond which metric analyzers should
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trigger warnings [7, 22]. Although the literature provides several recommended
threshold values for commonly used software metrics [6, 17, 23], these recommen-
dations are typically derived from observations on large-scale industrial software
systems. As such, they may not be directly applicable to student projects, which
differ significantly in size, development practices, and architectural complexity.
For this reason, a dedicated threshold analysis was conducted on the implemented
metrics based on the collected student project data.

The threshold analysis was performed for each metric by evaluating several
threshold values on the student project dataset. To identify appropriate thresh-
olds, the elbow method was applied to the cumulative number of warnings pro-
duced at each threshold value [2, 31]. The examined ranges were selected around
commonly recommended values from the literature and adjusted according to the
metric domain. For each metric, the total number of reported violations was plotted
against the corresponding threshold values, and the knee point was automatically
determined using the Kneedle algorithm [30], assuming a convex, monotonically
decreasing curve. The threshold corresponding to the detected knee point was
selected as the optimal value.

In contrast to other metrics, no robust threshold could be identified for LCOM5
and the Maintainability Index. For LCOM5, this is mainly due to its limited dis-
criminative power: cohesion metrics in the LCOM family lack consensus, and prior
studies have shown that they may provide inconsistent or misleading represen-
tations of class cohesion [4]. In our experiments, warning counts remained high
across a wide range of thresholds, indicating that LCOM5 is overly sensitive for
threshold-based classification.

For the Maintainability Index, the issue lies in its formulation and interpreta-
tion. The metric was originally derived from a limited set of procedural systems
and does not explicitly capture object-oriented properties, while its threshold val-
ues are inconsistent across literature and tools. Recent work has also shown that
different variants of the Maintainability Index can lead to differing assessments [10,
12].

Therefore, thresholds based on the literature were applied; however, both met-
rics should be interpreted with caution and are more suitable for comparative trend
analysis than for strict threshold-based warning generation.

The resulting threshold values for each implemented metric are summarized in
Table 1.

4. Analyzing student projects
This section presents the results of the code metrics analysis conducted on stu-
dent projects from previous semesters of the Software Technology course at our
university. Students implement a predefined game in groups of 3–4 members under
the supervision of an instructor acting as product owner and, optionally, a senior
student acting as scrum master.

Four milestones are defined, three of which involve implementation. Following
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Table 1. Threshold values.

Metric
General

thresholds
Applied on

student projects
Bumpy Road code smell 4 2
Functional parameters 5 2

Lack of Cohesion (LCOM4) 1 4
Lack of Cohesion (LCOM5) 0.5 0.5

Maintainability index 65 65
Cyclomatic complexity 10 6

Class coupling 9 15

the design and requirements phase, students deliver two prototypes (approximately
30% and 90% of the use cases), followed by a final version conforming to clean-
code principles [17], including testing and continuous integration. The last three
milestones were considered in the analysis.

Although projects may be implemented in arbitrary languages, only C# projects
were included. Common frameworks include WPF, Avalonia, Unity, and Godot.

The student projects are version-controlled and managed using GitLab. For
each project, the last commit before each implementation milestone deadline on
the default branch was retrieved using the GitLab API [8]. A total of 61 student
projects were collected, of which 41 C# projects could be successfully analyzed after
excluding repositories with build failures, missing dependencies, or other technical
issues. Considering the three implementation milestones, up to 123 project versions
were included in the analysis.

4.1. Visualization and discussion of the results
The goal of the analysis is to evaluate the effectiveness of the implemented code
metrics in identifying potential code quality issues, such as high complexity, low
cohesion, or maintainability concerns. Projects were analyzed at multiple mile-
stones during their development, providing insights into how coding standards and
structural requirements were followed throughout the project lifecycle. The re-
ported values represent the number of warnings exceeding predefined thresholds,
normalized by lines of code to ensure comparability across projects of different
sizes.

In the line charts presented in Figure 1, and 2, selected metrics are visualized
for the analyzed student projects. The trends reflect how the corresponding quality
attributes evolve over time, with each line representing a single project.

Overall, the normalized summary warning counts show that most projects re-
main in the lower or middle range of the diagrams, indicating generally accept-
able code quality across the analyzed milestones. At the same time, for most
projects and metrics, an increase can be observed from the first to later milestones.
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Figure 1. LCOM4 metric results on student projects.

Figure 2. Class coupling metric results on student projects.

This suggests that as systems grow, the number of warnings exceeding the applied
thresholds tends to increase, even after normalization by lines of code.

It is also important to note that the development effort between milestones is
not uniform. Between the second and third milestones, students typically imple-
ment a significant portion of the functionality – approximately 60% of the total use
cases – while later stages involve only minor additions. Consequently, a substantial
deterioration in code quality in later phases should not necessarily be expected; in
fact, improvements could be anticipated if teams perform refactoring and cleanup.
The observed results partially align with this expectation: while some projects
stabilize or slightly improve, a consistent overall improvement is not evident, sug-
gesting that refactoring activities were limited in many cases.

The increase in warning counts is not uniform across all metrics. While cohesion-
and coupling-related metrics show relatively consistent trends, the Bumpy Road
metric exhibits more variability, with several projects showing fluctuations or even
decreases between milestones. This indicates that certain structural characteristics
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captured by Bumpy Road are less directly correlated with project growth and may
be more sensitive to local code changes.

Despite these differences, the projects tend to cluster within comparable regions
of the diagrams, suggesting a relatively similar overall quality level across teams.
This consistency may indicate that the course structure, requirements, and super-
vision result in a broadly uniform development standard, even though individual
projects differ in how their warning counts evolve over time.

5. Analyzing open-source projects
In addition to evaluating student projects, open-source projects were analyzed to
further validate the implemented metrics and assess their applicability in a broader
context. Open-source repositories provide diverse real-world codebases and enable
evaluation of the metrics beyond the educational setting. In contrast to the student
project analysis, which employed dataset-specific thresholds, open-source projects
were evaluated using the threshold values recommended in the literature (Table 1).

Metrics were evaluated on selected major releases from five open-source .NET
projects. In total, 22 tagged versions spanning several years were considered. Since
the analyzer targets the .NET platform, only releases that could be successfully
restored and analyzed were included. Versions requiring unsupported frameworks,
failing to build, or containing unresolved dependencies were excluded. The varying
number of analyzed versions across projects reflects differences in release histories
and compatibility with the analysis tool.

5.1. Selected projects
The open-source projects were selected to provide diversity in terms of application
domain, project size, and software architecture, while ensuring compatibility with
the .NET ecosystem and the analysis tool. Preference was given to mature, actively
maintained projects with multiple tagged releases available, enabling the study of
metric evolution over time.

In total, 22 tagged versions spanning several years were considered. Since the
analyzer targets the .NET platform, only releases that could be successfully re-
stored and analyzed were included. Versions requiring unsupported frameworks,
failing to build, or containing unresolved dependencies were excluded. The varying
number of analyzed versions across projects reflects differences in release histories
and compatibility with the analysis tool.

For the evaluation, the following open-source projects were selected: i) OpenRA3,
a real-time strategy game engine inspired by the classic Command & Conquer:
Red Alert; ii) Jellyfin4, a media server for organizing and streaming multimedia

3https://github.com/OpenRA/OpenRA
4https://github.com/jellyfin/jellyfin
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content; iii) nopCommerce5, an open-source e-commerce platform; iv) xUnit6, a
widely used unit testing framework for the .NET ecosystem; and v) IronPython
3 7, an open-source implementation of the Python programming language.

5.2. Visualization and discussion of the results
Figures 3 and 4 visualize the same metrics showcased and discussed for the student
projects in subsection 4.1. The metric values were normalized by code size, specif-
ically expressed as values per 1000 lines of code, to allow fair comparison between
projects of different sizes.

Figure 3. LCOM4 metric results on open-source projects.

Figure 4. Class coupling metric results on open-source projects.

Overall, the results show low to moderate fluctuations in metric values across
releases, with changes generally occurring gradually over time.

5https://github.com/nopSolutions/nopCommerce
6https://github.com/xunit/xunit
7https://github.com/IronLanguages/ironpython3
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The Bumpy Road metric exhibits relatively stable behavior across most projects,
with only minor variations between releases. Jellyfin shows a slight decreasing
trend, while OpenRA and nopCommerce remain largely stable. IronPython main-
tains consistently higher values, whereas xUnit shows some fluctuation in earlier
releases followed by stabilization. Overall, the metric suggests that localized struc-
tural irregularities are either stable or slightly improving over time.

The Functional Parameter Count metric remains relatively stable for most
projects, with only minor variations across releases. An exception is xUnit, which
exhibits a significant spike in intermediate releases, indicating a temporary increase
in methods exceeding the parameter threshold. Apart from this outlier, the metric
suggests consistent method-level design practices.

For cohesion, LCOM4 shows a generally decreasing or stable trend across all
projects, indicating gradual improvements or controlled cohesion as the systems
evolve. In contrast, LCOM5 exhibits higher values and greater variability, partic-
ularly for IronPython and xUnit, and does not provide a clear or consistent trend
across projects. This further supports the observation that LCOM5 is less suitable
for threshold-based evaluation.

Class Coupling shows relatively stable or slightly decreasing trends for most
projects, suggesting that dependencies between classes are either maintained at a
consistent level or gradually improved. xUnit again stands out with significantly
higher values and noticeable fluctuations, reflecting its more complex structure.

For the Maintainability Index, IronPython exhibits consistently high values
with a slight decreasing tendency, while Jellyfin remains relatively stable. In con-
trast, OpenRA and nopCommerce show a steady increase in warning counts across
releases, and xUnit demonstrates a more pronounced upward trend with minor
fluctuations. These results suggest that, for some projects, system growth is ac-
companied by an increasing number of maintainability-related issues.

In summary, the analyzed open-source projects exhibit largely stable or slightly
improving trends for most structural metrics, with some project-specific deviations.
The presence of occasional spikes (notably in xUnit) suggests localized increases
in complexity, but overall the results indicate controlled evolution and generally
consistent code quality across releases.

6. Comparing student and open-source projects

6.1. Descriptive statistics
Table 2 summarizes the distribution of normalized warning counts for student and
open-source projects. It should be noted that the two datasets were evaluated
using different threshold sets: thresholds calibrated on the student dataset were
applied to student projects, whereas literature-recommended thresholds were used
for open-source projects. Consequently, the reported warning counts should be
interpreted primarily as descriptive indicators, and direct comparisons of absolute
values should be made with caution.
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Table 2. Descriptive statistics of normalized warning counts (per
1000 LOC). Values are reported as Student/Open-source.

Metric Mean Median Std. Dev.
Bumpy Road 1.33 / 0.88 1.25 / 0.38 0.75 / 0.86
Functional Parameter Cont 3.22 / 5.13 2.29 / 1.14 3.04 / 8.51
LCOM5 4.95 / 5.88 4.32 / 5.60 2.15 / 3.89
LCOM4 2.10 / 4.99 1.89 / 4.97 1.10 / 2.84
Cyclomatic Complexity 4.92 / 3.95 4.90 / 2.09 1.95 / 3.06
Class Coupling 2.71 / 11.96 2.14 / 7.75 1.95 / 10.97

The larger standard deviations observed for several metrics indicate greater ar-
chitectural diversity among open-source systems. Moreover, the larger differences
between mean and median values for metrics such as Functional Parameter Count
and Class Coupling suggest skewed distributions and the presence of outliers. In
contrast, student projects exhibit smaller mean–median differences, indicating more
homogeneous quality characteristics. Finally, LCOM5 yields consistently high val-
ues with relatively small mean–median differences in both datasets, supporting
previous observations regarding its limited discriminative power.

6.2. Trend analysis

Despite the differences in absolute warning counts, the evolution of metric values
exhibits clear differences between the two datasets. Open-source projects generally
show moderate variation followed by stabilization or slight improvements, suggest-
ing controlled evolution and ongoing refactoring. In contrast, student projects
exhibit a more pronounced increase in normalized warning counts, indicating that
structural issues tend to accumulate as functionality is added, with limited evidence
of systematic refactoring.

For cohesion- and coupling-related metrics, open-source systems generally ex-
hibit more stable trends, whereas student projects display a clearer increasing ten-
dency. Cyclomatic Complexity and Functional Parameter Count show moderate
fluctuations and occasional spikes in open-source projects, while student projects
tend to increase more consistently. For Maintainability Index warnings, both
datasets exhibit mixed behavior, indicating that maintainability-related issues are
present in both cases.

Overall, the results suggest that mature open-source systems are characterized
by greater architectural diversity and more controlled evolution over time. Al-
though the use of different threshold sets limits the direct comparison of absolute
warning counts, the trend analysis indicates that student projects exhibit a stronger
tendency to accumulate complexity and structural issues during development.
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7. Conclusion

This research aimed to identify code quality issues related to complexity, cohesion,
and maintainability using static code analysis metrics. The developed analyzers
were evaluated on student projects from the Software Technology course and on
selected open-source repositories. Threshold values were determined using the el-
bow method, and the work extends existing Roslyn-based metrics with additional
custom analyses.

The results show that student projects tend to exhibit increasing structural
complexity over time, while open-source systems demonstrate more stable evo-
lution, often supported by refactoring practices. Cohesion- and coupling-related
metrics (e.g., LCOM4 and Class Coupling) highlight this difference most clearly.
In contrast, maintainability-related warnings show mixed trends in both groups
and do not provide a clear distinction.

Several challenges were identified, including inconsistencies in milestone pro-
gression and the context-dependent nature of metric thresholds. Additionally, the
selection of suitable open-source projects was constrained by build and dependency
issues.

Despite these limitations, the proposed approach proved effective in identifying
problematic code segments and tracking quality trends throughout development.
The analyzers can be integrated into continuous integration environments, enabling
early feedback and supporting improved coding practices.

Overall, the results confirm that carefully calibrated code metrics provide a
practical and scalable means for assessing and improving software quality in both
educational and real-world development contexts.

8. Future work

For future work, the following aspects have been identified for further development:

• Implement additional metrics to cover a wider range of code quality at-
tributes, for example cohesion metrics, such as Relational Cohesion.

• Analyze a broader set of student and open-source projects to further evaluate
and validate the implemented metrics.

• Perform manual verification to assess whether the code segments flagged by
the analyzers indeed contain problematic code, thereby validating the diag-
nostic accuracy.

• Provide module and submodule level metrics evaluation inside projects, to
identify potentially problematic segments in a generally acceptable codebase.
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Computer Code Availability
The developed source code metrics and the multitemporal analyzer tool imple-
mented as part of this research is released under the BSD-3 license at: https:
//github.com/petercsaszar/code-metrics/
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Abstract. Most of the regular expression libraries in current programming
languages utilize a dynamic constructor parameter to construct a state ma-
chine, which will be used later in the matching. When this constructor pa-
rameter does not fulfill the requirements of the correct regular expression
syntax, a runtime error – usually an exception – occurs. It would be highly
beneficial if we could catch this kind of problem at compile time with the help
of static analysis. The prerequisite of such an analysis is that the constructor
parameter is fully known at compile time. In this research, we investigate the
extent to which this prerequisite holds true for open-source software projects.
We measured 26 different popular open-source projects, and we found that in
more than two-thirds of the time, constructors used hardcoded parameters.
This result opens the possibility for the creation of an effective static analysis
tool.

Keywords: static analysis, C, C++, Clang, LLVM, regular expressions

1. Introduction
Regular expressions are an everyday part of software programming. Common sce-
narios like input parsing, file lookup, and search and replace are just a few examples,
and in truth, it is hard to fathom a program with any meaningful complexity that
can omit them. Most tools, like grep, that build regular expressions also come with
robust techniques to check for their correctness.

Most of the current libraries work on the idea that regular expressions are imple-
mented using state machines. The state machine is usually built up in the construc-
tor, based on a regular expression pattern received as the construction parameter.
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While this is a time-consuming process, later repeated use of the state machine is
relatively cheap. However, the constructor parameter should be matched for the
correct syntax of the regular expression. This error checking happens dynamically
inside the constructor during the construction of the state machine.

During development, regular expressions are notoriously hard to get right.
Their syntax is unintuitive, hard to read, and more importantly, to write [28].
Testing the expressions is also a challenge, as test effectiveness heavily depends on
the test coverage. It is easy to see that test frameworks usually miss the same
corner cases, which programmers also likely forget to implement correctly.

The trade-offs between dynamic and static analysis have been widely studied
and publicized [4, 18, 21, 22, 30]. Briefly, most forms of dynamic analysis require
the execution of the program and also precise input parameters. On the other
hand, static analyzers usually do not require the concrete execution of the program
or any input parameters, offering a unique advantage for detecting programming
errors in the early stages of development [3]. As bugs that are caught early are
faster, easier, and cheaper to fix [7], there are clear advantages for pursuing static
analysis whenever possible.

This paper is organized as follows. We overview the related literature in Sec-
tion 2. The technical background of our contribution is discussed in Section 3. Our
measurement methodology will be introduced in Section 4. We evaluate our results
in Section 5. Future research directions are discussed in Section 6. Finally, our
paper concludes in Section 7.

2. Related work
Our paper investigates how C++ programmers use regular expressions, especially
whether constructors use hard-wired string literals or constants. We found similar
studies to ours aiming at how developers use certain C++ features. The authors in
[19] survey the usage of immutability declarations. In a broader study, the authors
in [48] surveyed how C++ libraries are used.

In their paper, the authors of [15] surveyed library usage of Fedora Linux 37,
which spans just shy of 400 million lines of code. Among other interesting findings,
they identified Boost as the most common third party library, and that the most
frequently used assets from Boost have no, or only partial counterparts in the C++
standard library. They found that there is a “worrying trend” that programmers
do not use bounds checking alternatives to access containers or views.

Regular expression implementations that have a super-linear worst-case com-
plexity are vulnerability that can be exploited for denial of service attacks [13].

There are several varieties and extensions to regular expressions implemented
in programming languages. In 2019, a study [14] discussed whether regular expres-
sions written in one language can be ported as-is from one language to another.
Across 193,524 projects and 537,806 regexes they found if ported, 15% posed a risk
logic errors due to semantic differences, 10% might have performance differences
to the extent where they posed a security risk.
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Vulnerabilities connected to regular expressions and their usage are long time
in the focus of research. One critical problem regarding regular expressions is the
quality of their tests. Regular expressions are often less thoroughly tested than
other parts of the codebase, according to a 2016 survey [8] with python developers.
In 2018, a paper [46] measured that only 17% of regexes are tested in the 1225
Java projects they inspected, and even among those, their coverage (positive and
negative test strings) were poor. The AREXT [44] tool is developed to automat-
ically find, and generate test strings against regular expressions for full coverage,
inspired by the former two papers.

The authors of paper [25] describe how “evil” test strings can be generated for
testing regular expressions.

The Boost.Xpressive library provides functions to search strings using regular
expressions [32]. Boost.Xpressive makes it possible to write down regular expres-
sions as C++ code rather than strings. That makes it possible to check at compile
time whether a regular expression is valid or not. However, Boost.Xpressive heav-
ily utilizes C++ template metaprogramming [1, 45], which makes its syntax very
different from other regular expression libraries.

While not specific to regular expressions, prior work highlights broader efforts
to improve reasoning about program properties. For example, ARC (Automated
Reasoning in the Class) proposes the deployment of automated reasoning tools in
education, and surveys of specification languages categorize how properties can be
expressed and checked (statically or dynamically), providing context for specialized
analysis tools, such as ours [16, 24].

3. Technical overview
In the current C++ development, the landscape of regular expressions is fairly
fragmented. Currently, there are three major libraries providing regex capabilities.
These are the standard library (std::regex), Boost.Regex and Google’s RE2.
Each of them uses a different grammar by default. The standard library uses
the ECMAScript 262 standard, which is an older version of the standard used in
JavaScript. The Boost.Regex library defaults to the PERL regex grammar, which is
the most feature-rich of the three. Finally, Google’s RE2 defines its own grammar.
The RE2 regex library promises linear matching time for every pattern. To achieve
this developers had to strip functionality present in most other regex libraries,
such as backreferences. It further complicates things that most libraries support
multiple standards. For instance, the standard and boost regex both support the
POSIX Basic Regular Expression (BRE) grammar, which is the default in grep, as
well as the POSIX Extended Regular Expression (ERE) grammar, used in awk.

In the midst of these mountains of standards, developers are highly susceptible
to making mistakes when writing their patterns. In Figure 1 we show a few possible
errors regarding the standard std::regex class. One frequent mistake is trying to
use a construct that is not supported by the currently selected standard. Other
common syntax errors can originate from structural mistakes within the pattern.
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These include not closing capture groups or exact quantifiers and improperly adding
quantifiers after non-quantifiable tokens. Another hard-to-detect mistake is invalid
escape sequences. Such a mistake can easily be made if the developer forgets to
use a raw string for their patterns.

std::regex re("(?<=CodeChecker )clang-tidy"); // Using construct not
supported by the standard

std::regex re("(abc"); // unclosed capture group
std::regex re("a{2"); // unclosed exact quantifier
std::regex re("a?*"); // quantifier after a non-quantifiable token
std::regex re("\d+"); // invalid escape sequence, matches "d", not

digits

Figure 1. Example of possible syntax errors in regex constructors.

4. Measurement methodology

To conduct our measurements on C++ projects, we developed a custom static
analysis checker built on the LLVM/Clang infrastructure. Specifically, we extended
clang-tidy 22.0.0, a widely adopted tool, by implementing a custom checker to
identify the instantiation of regex objects. The primary goal of our addition consists
of two parts. First is to measure a baseline of the usage of regular expressions, and
second is to determine in each case whether the pattern is known at compile time
or not.

To achieve our first goal, we made our check emit a warning for each constructor
call, regardless of what parameters it received. This unconditional matching allows
us to safely count the number of times a regex is used in a project.

To complete our secondary goal, we perform a deeper analysis of the parameters
received by the constructor. We try to classify each parameter into one of three
categories. The first category is hardcoded patterns. These are patterns that are
known at compile time. We regard each parameter as such if they are a string
literal, or a constant string or constant character pointer defined with a single
string literal. Our second category consists of patterns, which we determined to be
constructed during runtime. We regard a parameter to be such a dynamic pattern
if there is a concatenation operator in either the parameter itself or in the definition
of the parameter variable. The final category is the unknown patterns, consisting
of parameters that do not fall into either of the previous categories.

To account for a wide variety of programming standards and conventions, we
took measurements in a wide selection of 26 open-source projects. These projects
were sourced from GitHub with the only criteria being that they have at least one
regex constructor in their codebase.
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5. Results and evaluation

The summary of our findings is presented in Table 1. We can see a dominant
usage of hardcoded regex patterns over dynamically constructed ones among the
tested projects. Evaluating the results on a per-project basis, as shown in Table 2,
revealed that in a significant portion of analyzed projects, every single regex pattern
is hardcoded.

The results also show that only in a small number of cases can we determine
that the pattern is constructed during runtime, meaning that with improvements
made to our static analysis tool, we might be able to find even more hardcoded
patterns. These results support our theory that there is a possibility to create a
static analysis tool targeting regexes in C++.

Table 1. Overall number of regex constructors found in open-
source projects.

Constructors 462 –
Constructors with hardcoded strings 322 69.70%
Constructors with dynamic strings 13 2.81%
Constructors unknown patterns 127 27.49%

A detailed investigation can reveal certain static and dynamic patterns from
different libraries. A typical hardcoded regex constructor parameter can be seen
in Figure 2. Bear uses it to escape all characters not defined in its group and wrap
new lines into strings. An example of a dynamic pattern can be seen in Figure 3.
SQLCheck uses a dynamic pattern to search for recursive references.

std::string escape(const std::string& input) {
if (input.empty()) {

return "’’";
}

const std::regex ESCAPE_PATTERN(R"#(([^A-Za-z0-9_\-.,:/@\n]))#");
const std::regex LINE_FEED(R"#(\n)#");

const auto output =
std::regex_replace(input, ESCAPE_PATTERN, "\\$1");

return std::regex_replace(output, LINE_FEED, "’\n’");
}

Figure 2. Hardcoded patterns in Bear.

100 Proceedings of the ICAI 2026100 Proceedings of the ICAI 2026100 Proceedings of the ICAI 2026



ICAI 2026 Static Analysis Possibilities for Regular Expressions in C++

Table 2. Distribution of regular expression constructors and the
type of their patterns.

Project Total Regexes hardcoded Dynamic Unknown
Bear [5] 10 10 0 0
Crow [12] 2 1 0 1
bitcoin [38] 2 1 0 1
blender [6] 23 20 2 1
ceph [39] 62 42 6 14
colmap [10] 6 6 0 0
contour [11] 6 6 0 0
drogon [17] 30 14 1 15
folly [27] 14 8 0 6
json [23] 1 1 0 0
libdatachannel [26] 2 2 0 0
llvm-project [40] 3 3 0 0
mold [29] 14 14 0 0
nanogui [31] 2 0 0 2
obs-studio [33] 4 2 0 2
pistache [34] 12 11 0 1
proxysql [35] 58 13 0 45
qt-6.10.1 [41] 33 27 0 6
retdec [2] 34 32 1 1
seastar [36] 12 4 0 8
shaderc [20] 24 11 2 11
sqlcheck [37] 35 32 1 2
threepp [43] 25 24 0 1
whisper.cpp [47] 17 11 0 6
xournalpp [49] 20 20 0 0
zeek [42] 11 7 0 4

6. Future work

In Figure 4 we can see a dynamic constructor parameter. This parameter is con-
structed with the concatenation of a number of namespace variables, therefore, we
currently do not consider it as hardcoded. Although one can recognize that the
variables themselves are hardcoded, and moreover, they are constant. An advanced
data flow analysis could detect this fact and consider the constructor parameter as
a hardcoded one. However, we then still have to model the string concatenation
to obtain the final regex pattern and execute an appropriate syntactic check on it.
This is one of our future research directions.
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void CheckRecursiveDependency(Configuration& state,
const std::string& sql_statement,
bool& print_statement){

std::string table_name = GetTableName(sql_statement);
if(table_name.empty()){

return;
}

std::regex pattern("(references\\s+" + table_name+ ")");
std::string title = "Recursive Dependency";
PatternType pattern_type = PatternType::

PATTERN_TYPE_LOGICAL_DATABASE_DESIGN;

auto message = "...";
CheckPattern(...);

}

Figure 3. Dynamic patterns in SQLCheck.

...
const std::string schema_re = "([[:alpha:]]+:\\/\\/)";
const std::string user_pass_re = "(([^:\\s]+):([^@\\s]+)@)?";
const std::string host_port_re = "([[:alnum:].:-]+)";
const std::string path_re = "(/[[:print:]]*)?";
...

bool parse_url_authority(const std::string& url, std::string& host,
std::string& user, std::string& password) {
const std::string re = schema_re + user_pass_re + host_port_re +
path_re;
const std::regex url_regex(re, std::regex::icase);
std::smatch url_match_result;

if (std::regex_match(url, url_match_result, url_regex)) {
host = url_match_result[HOST_GROUP_IDX];
user = url_match_result[USER_GROUP_IDX];
password = url_match_result[PASSWORD_GROUP_IDX];
return true;

}

return false;
}

Figure 4. Quasi-dynamic patterns in Ceph.
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7. Conclusion
This paper discusses the possibilities of static analysis of regular expressions with a
particular focus on C/C++. Despite the age and the wealth of knowledge accumu-
lated in the field of regular expressions, as of writing, we are not aware of any works
that statically check the correctness of types like std::regex or boost::regex.

However, static analysis could be applied for regular expressions only if the
expression is available at compile-time. Before any effort is made in this direction
we have to understand how programmers use regular expressions, especially at
what rate they apply patterns known at compilation time.

We applied the clang-tidy [9] static analysis tool to detect regular expression
objects in large open-source C++ projects and to determine the ratio in which
those objects were initialized with compile-time constant strings. We found that in
typical C++ projects, most of the regular expression objects are initialized based
on hardcoded string patterns, therefore static analysis of them is viable.

The paper describes the method, the algorithm, a prototype implementation,
and the measurement results on large open-source projects. Our results proved
that 69.7% of the regular expression objects are initialized with hardcoded string
patterns, as seen in Table 1. Thus, this research could be the groundwork for the
development of such a static analyzer.
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Abstract. The increasing integration of large language models (LLMs) into
systems introduces new attack surfaces that extend beyond traditional soft-
ware vulnerabilities. While LLMs are commonly protected by prompt-level
security mechanisms, recent researches show that these controls can be by-
passed through carefully crafted inputs. In this paper, we propose an in-
teraction model based on a Generative Adversarial Network (GAN) concep-
tual analogy and a dual-LLM framework for systematically examining and
testing the security boundaries of LLMs through malicious code generation.
The framework consists of two LLMs that iteratively produce attack-oriented
prompts, interpret and implement them. Experimental results demonstrate
that the proposed approach can generate outputs that are similar to real-
world attack patterns, such as SQL injection and cross-site scripting. This
research highlights the importance of LLM security controls and emphasizes
the need for proactive, automated evaluation methods to improve the robust-
ness and governance of LLM-based systems.
Keywords: Large Language Models, Adversarial Prompting, LLMs, GAN
2020 Mathematics Subject Classification: Primary 60F15, 60G42, 60G50; Sec-
ondary 60F10

1. Introduction
Over the past decade, advances in artificial intelligence have had a huge impact
on the IT domain. The rapid evolution of AI-driven methodologies, particularly
machine learning (ML) and deep learning (DL), has significantly influenced not
only economic and industrial processes but has also fundamentally reshaped the
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cybersecurity landscape, affecting both defensive and adversarial capabilities. AI
algorithms enable the efficient analysis of large-scale data and facilitate the iden-
tification of malicious patterns and anomalous behaviors with increasing accuracy
and speed ([4, 17, 36, 41]).

Traditionally, every IT system is designed to meet fundamental security re-
quirements. However, the growing complexity, operational speed, and adaptive
characteristics of modern threats have introduced challenges that exceed the ca-
pabilities of classical, mainly reactive defense paradigms.[26] On the other hand,
AI-based techniques have begun to appear on the offensive side, enabling adver-
saries to autonomously discover system vulnerabilities, optimize attack strategies,
and generate highly targeted phishing and social engineering attacks ([10, 13, 14,
33]).

The offensive use of artificial intelligence introduces new dimensions to the na-
ture of cyberattacks. Whereas earlier threat models relied mainly on automation
and script-based techniques, modern attack frameworks increasingly incorporate
self-learning and adaptive mechanisms capable of dynamically bypassing estab-
lished defensive controls. LLMs, in particular, leverage advanced natural language
processing capabilities to perform sophisticated conversational, text generation,
and analytical tasks, thereby facilitating the large-scale automation of social engi-
neering and disinformation activities. As a result, LLMs are increasingly employed
to generate phishing emails, fraudulent communications, and persuasive textual
content designed to manipulate or deceive users ([8, 13, 18, 45]).

The objective of this research is to develop an automated and proactive offensive
framework that systematically exposes system vulnerabilities through the gener-
ation of adversarial attacks. The proposed approach is based on the interaction
of two large language models, implemented as Generative Pre-trained Transformer
(GPT) based systems and driven by distinct prompting strategies, within a Gen-
erative Adversarial Network (GAN) inspired architectural paradigm. In this con-
figuration, one LLM functions as a generator that iteratively produces adversarial
prompts until it induces the discriminator model to generate malicious content.
This process enables the systematic evaluation of system-level security constraints.
The proposed framework highlights the critical importance of robust AI security
mechanisms and provides a foundation for the development of targeted defensive
measures and validation protocols. Furthermore, it enables structured testing of
LLM security controls, offering insight into the extent to which such models may
be sensitive to manipulation or compromise.

2. Related Work
There are numerous types of cyber attacks that, driven by ongoing digitalization,
affect multiple technological and organizational domains. The literature identifies
several major categories of cyber attacks, the diversity and increasing complexity of
these threats and illustrating the challenges faced by organizations and individuals
operating in today’s digitally interconnected environment ([26, 29, 32, 38]).
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Many techniques are employed in various ways to support cyberattacks, includ-
ing the automation of phishing campaigns and the generation of evasive malware
variants, thereby increasing the effectiveness and scalability of adversarial activi-
ties ([8, 33]). Through the application of natural language processing and LLMs,
adversaries are able to generate more convincing and seemingly legitimate mes-
sages, substantially enhancing the success rate of deception-based attacks. Such
techniques not only improve the efficiency of attack execution but also consider-
ably complicate their timely detection and mitigation ([13, 14]). LLMs must be
equipped with robust defensive mechanisms capable of detecting and mitigating
prompt injection attacks and consistently rejecting malicious prompts. However,
such defenses are often relatively easy to circumvent, while their systematic evalu-
ation and analysis remain inherently challenging. ([20, 42, 44])

Several recent studies explicitly investigate how large language models can be
deliberately coerced into producing malicious or policy-violating outputs through
prompt injection and jailbreaking techniques ([34, 42, 44]). Shen et al. [35] analyze
thousands of real-world jailbreak prompts collected from online communities, with
the explicit goal of identifying prompt patterns that successfully bypass built-in
security mechanisms. Their work focuses on empirical characterization of existing
attack prompts rather than generating new ones adaptively.

The security of LLMs extends beyond external threats such as prompt manipu-
lation, data leakage, or malicious misuse (e.g., phishing or disinformation), and also
encompasses internal risks arising from the autonomous operation of these models
([20, 34, 42]). These risks are especially in the case of autonomous LLM-based
agents, where the objectives pursued by the model may diverge from user intent,
strategic deceptive behaviors may emerge, or latent goal structures may persist
despite extensive security and alignment training ([15]). Among these, it includes
not only goal misalignment but also the potential emergence of hidden objectives,
strategic deception (scheming), self-preserving behaviors, and the persistence of
these undesirable properties even under current security training paradigms ([15,
28, 35]).

Yu et al. [43] propose GPTFUZZER, a black-box red-teaming framework that
adapts the concept of software fuzzing to the security analysis of LLMs through the
use of an initial jailbreak template corpus and evolutionary mutation operators.
While their approach demonstrates strong capability in generating diverse and
robust adversarial prompts via automated template exploration, its effectiveness
heavily depends on the quality of the initial seeds and places less emphasis on fine-
grained, context-specific semantic interaction between the attacker and the target
model.

Mehrotra et al. [25] propose the TAP (Tree of Attacks with Pruning) method, an
automated framework that combines tree-based search with output-driven pruning
to systematically jailbreak black-box LLMs. While their approach demonstrates
that structured reduction of the search space can significantly improve attack ef-
ficiency and reduce query costs, its effectiveness critically depends on the evalu-
ator model’s ability to accurately predict the target model’s safety responses to
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partially refined prompts. Additionally, the approach may exhibit limited gener-
alization across models with different alignment strategies, incur non-trivial com-
putational overhead due to tree expansion, and risk converging to locally optimal
attack strategies, thereby overlooking more diverse jailbreak trajectories.

Chao et al. [5] propose the PAIR (Prompt Automatic Iterative Refinement)
method, an automated framework that iteratively refines semantically grounded
adversarial prompts against black-box LLMs through an “attacker–judge–target”
loop. While their approach demonstrates the remarkable effectiveness of social
engineering–based jailbreaking with a minimal number of queries, it requires the
use of an additional LLM as part of the attack pipeline, which introduces extra
computational cost and potential monetary overhead.

3. Our Contribution
This work presents a comprehensive, proactive-offensive, LLM-assisted security
evaluation framework for the systematic analysis of prompt-level vulnerabilities in
large language models. Its primary contributions are the design, implementation,
and empirical evaluation of a novel GAN-inspired dual-LLM adversarial prompt-
ing architecture that models prompt manipulation as an iterative, self-supervised
process, enabling continuous exploration of prompt-based attacks without any pa-
rameter modification or fine-tuning. Instead of optimizing a single attack objective
or replaying known jailbreak patterns, the framework captures how adversarial
prompts evolve through sustained interaction between a generator and a discrim-
inator, thereby supporting the systematic study of vulnerability emergence and
offering deeper insight into the adaptive dynamics that can drive malicious model
behavior. Figure 1 illustrates the proposed architecture, and the resulting gener-
ated prompts can be leveraged to inform and develop more effective LLM defense
mechanisms.

Figure 1. Proposed system structure.

Unlike conventional robustness evaluations that rely on static test sets or su-
pervised fine-tuning, the proposed framework operates entirely at the input level.
It leverages the interaction between two large language models in an adversarial
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but cooperative configuration to expose failure modes arising from linguistic refor-
mulation, contextual reframing, and indirect instruction. This approach allows us
to adapt our AI-based system without teaching it ([12, 22]).

Furthermore, the proposed framework demonstrates that the use of LLMs in
this manner can substantially amplify the capabilities of smaller, less resourced,
or knowledge-constrained adversarial groups, potentially increasing their overall
threat level.

In contrast, our work focuses on modelling adversarial prompt generation as a
dual-LLM interaction process in which one model continuously reformulates attack
prompts while the other model provides response-based feedback for subsequent
finetuning. The objective is therefore not only to maximize attack success, but
also to study how prompt-level vulnerabilities emerge through iterative linguistic
reframing, contextual manipulation, and feedback-driven reformulation.

The proposed architecture does not implement gradient-based adversarial train-
ing, discriminator loss optimization, parameter updates, or end-to-end neural net-
work training. Instead, the analogy refers to the functional separation between
a prompt-generating component and an evaluating/responding component, whose
interaction resembles an adversarial feedback loop. This distinction is important
because the framework operates entirely at inference time and modifies only the
textual input, not the model parameters.

Accordingly, the contribution of this paper is a proof-of-concept framework for
proactive LLM security evaluation. Its purpose is to support systematic exploration
of prompt-level failure modes and to provide empirical insight into how adversarial
prompts can evolve through repeated reformulation.

The security concern examined in this work is demonstrated through malicious
code generation. This work is not to evaluate the quality, completeness, or suc-
cess rate of the generated code, but to show that the tested LLMs can be forced to
produce outputs containing malicious attack patterns despite built-in safety restric-
tions. This is a security concern because the proposed framework was able to bypass
prompt-level defenses through reformulation and contextual framing. Therefore,
the generated outputs are treated as evidence of a security-relevant failure mode
not because they are necessarily fully executable or optimized, but because they
contain misuse-relevant logic that should normally be restricted.

3.1. Iterative Adversarial Prompting Process
Rather than learning a probability distribution through gradient-based optimiza-
tion, the framework iteratively refines adversarial prompts and evaluates model
responses through a closed feedback loop ([2, 42]).

This occurs for two reasons. First, such models are trained using extensive
computational resources and large-scale datasets, the replication of this is both
technically complex and economically costly. Second, access to these capabilities
is available at a relatively low marginal cost, enabling users to leverage the results
of large-scale training with minimal financial investment. As a consequence, ad-
versarial actors can significantly reduce the time, effort, and resources required to
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develop sophisticated attack capabilities.
The architecture consists of two functionally complementary components:

• Generator: The generator is responsible for constructing and iteratively
refining adversarial prompt candidates. Its objective is to explore the space
of potentially unsafe or policy-challenging instructions by producing linguis-
tically varied, contextually framed prompts associated with specific attack
scenarios (e.g., SQL injection, cross-site scripting, phishing logic).

• Discriminator: The discriminator evaluates the generator’s outputs by re-
sponding to the generated prompts using its built-in security mechanisms
and alignment constraints. The discriminator’s responses implicitly contain
whether a given prompt successfully elicits security-relevant behavior, thereby
functioning as a risk assessor and feedback provider.

Although the generator and discriminator follow opposing objectives, they oper-
ate cooperatively by forming a continuous feedback loop. This interaction realizes
a form of adversarial learning at the prompt level, where the generator’s search
strategy is shaped by the discriminator’s responses rather than by explicit labels
or gradients.

A central idea of this work is the formulation of an iterative, self-supervised
adversarial prompting process. In each iteration, the generator produces a can-
didate prompt, which is then executed by the discriminator. Based solely on the
discriminator’s response, the generator adapts its subsequent prompt-generation
strategy.

The iterative process follows four conceptual stages:

1. Attack Goal Definition: The generator identifies a high-level attack objec-
tive or threat category, such as injection-based attacks or social engineering
tactics.

2. Prompt Synthesis: A candidate prompt is generated using predefined tem-
plates and contextual modifiers to produce the selected attack objective.

3. Evaluation and Feedback: The discriminator processes the prompt and
generates a response.

4. Refinement: The generator refines the prompt formulation based on the
discriminator’s feedback and initiates the next iteration if needed.

When designing generator prompts, our goal is to ensure that malicious intent is
not explicitly revealed when generating offensive prompts. We use implicit prompt
injection techniques at the generator prompt level to hide the offensive nature of
the generated prompt and maintain the appearance of a harmless context in two
different ways. One approach is to modify the wording, focusing exclusively on
lexical-level changes. The other approach is reframing, which modifies not only
the words but also the meaning of the entire context in order to make the prompt
appear harmless.
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The discriminator component executes the prompts generated by the generator,
which decides their acceptability based on its security. If the evaluation is unsuc-
cessful, program code is generated, while if it is successful, the system starts a new
generation-evaluation cycle to jailbreak the discriminator.

This mechanism is intentionally analogous to the iterative competition observed
in classical GAN training, with the crucial distinction that no model parameter
updates or training process are performed. All adaptation occurs at the prompt
level, demonstrating that model behavior can be materially influenced through
linguistic manipulation alone. The process shows how security mechanisms based
on static alignment or rule-based filtering can be progressively weakened through
contextual and semantic variation.

By generation adversarial prompt as a controlled evaluation process, the frame-
work provides a principled methodology for studying how and why large language
models may fail under adversarial linguistic pressure ([28, 35, 44]).

4. Preliminaries

4.1. Large Language Models (LLMs)
Large Language Models (LLMs) are autoregressive probabilistic models trained to
predict the next token in a sequence given its preceding context ([20, 42]). For
an input token sequence x1:n, an LLM parameterized by θ models the conditional
distribution

pθ(x1:n) =
n∏︂

t=1
pθ(xt | x<t),

and generates text by iteratively sampling or decoding tokens from this distribution
until a stopping criterion is met.

Modern LLMs are predominantly based on the Transformer architecture, which
uses multi-head self-attention to compute context-aware token representations.
This mechanism enables the model to capture long-range dependencies and to adapt
its outputs based on subtle variations in prompt structure and context ([39]).

LLMs are typically pretrained using a next-token prediction objective on large-
scale text corpora, allowing them to acquire broad linguistic and semantic knowl-
edge[42]. Subsequent instruction tuning and alignment techniques, such as rein-
forcement learning from human feedback, are often applied to encourage helpful
and safe behavior in downstream applications ([6, 27]).

At inference time, text generation can be controlled through decoding strate-
gies such as greedy decoding or stochastic sampling with temperature scaling and
probability truncation (e.g., top-k or nucleus sampling), which influence output
diversity and determinism ([42]).

Crucially, LLM behavior is highly sensitive to prompt conditioning ([22]). Be-
cause the prompt forms part of the model’s context window, variations in phrasing,
role specification, or framing can significantly alter the generated output ([7, 37]).
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While deployed systems employ prompt-level policies and post-generation filtering
to enforce security,[6] these mechanisms remain vulnerable to adversarial linguis-
tic manipulation, motivating systematic robustness evaluation under adversarial
prompting conditions ([28, 35, 44]).

An attack against LLMs can be deliberate input manipulation or environmen-
tal modification—such as adversarial prompting—aimed at bypassing the model’s
internal safety constraints, inducing unintended or non-compliant behavior, ex-
tracting sensitive information, or maliciously steering the model’s outputs.

4.2. Prompt Learning

Prompt-based learning is an approach in which task adaptation is achieved by care-
fully designing input prompts for a pre-trained model, without changing its param-
eters[22]. By embedding task descriptions or contextual instructions directly into
the input, the model’s pre-existing knowledge is leveraged to perform new tasks, en-
abling flexible and data-efficient experimentation in domains such as cybersecurity
([42]). Prompt learning encompasses both discrete, textually represented prompts
and continuous, embedding-based approaches. In the former case, the prompt is
explicitly expressed in natural language tokens and remains human-readable, al-
lowing for manual or automated optimization while preserving interpretability.

The literature distinguishes several approaches within prompt-based learning.
The simplest form is manual prompting, in which the researcher or developer uses
natural language instructions to guide the model’s behavior. This approach is
more closely related to prompt engineering, as it relies on human intuition and
experience; for example, a user may manually construct prompts for analyzing
network traffic or generating phishing messages ([13]).

In contrast, prompt tuning and soft prompting represent automated approaches
in which the prompt is not explicitly defined as textual input, but instead is encoded
within the model’s learnable embeddings. During this process, the core model
weights remain largely unchanged, and only the prompt representation is optimized
([19]).

Prefix tuning (also referred to as P-tuning) constitutes a further refinement
of this idea. This method introduces learnable vectors prepended to the input
sequence, which define the model’s context and behavior without modifying its
primary parameters[21]. Such techniques are particularly effective in few-shot and
zero-shot learning settings, where little or no task-specific training data is available
([23]).

While textually represented prompts offer advantages in terms of transparency
and auditability, they are inherently more susceptible to prompt injection attacks.
We use textual represented prompt learning. Conversely, soft prompt learning ap-
proaches reduce direct manipulability but introduce significant challenges in terms
of interpretability and systematic security evaluation.
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4.3. Generative Adversarial Networks
Generative Adversarial Networks (GANs) were introduced by Goodfellow et al. in
2014 as a generative modeling framework in which two neural networks, a generator
and a discriminator, are trained through an adversarial, game-theoretic interaction
to approximate the distribution of real data[11]. The structure of GANs represented
on Figure 2. GANs have become significant across numerous scientific disciplines
and research domains due to their ability to generate new data based on existing
datasets ([1, 2, 40]). They are particularly effective in image-related tasks [11], and
are therefore frequently applied in computer vision, as well as in the training of
systems designed to detect malicious files and applications ([3, 16]). Furthermore,
GANs offer a means to artificially augment underrepresented or rare classes within
datasets ([30]).

Figure 2. GAN structure.

The operational principle of GANs is based on a two-component architecture
involving two competing deep neural networks. The Generator attempts to pro-
duce samples from random noise inputs that closely approximate the distribution
of real data, while the Discriminator is simultaneously presented with both real
and generated samples and seeks to classify them as either genuine or artificial.
Learning is enabled through backpropagation: when the Discriminator correctly
classifies the samples, the resulting feedback is propagated back to the Generator,
which adjusts its weights and probability distributions to improve the realism of
the generated outputs. Conversely, when misclassification occurs, the Discrimina-
tor updates its own parameters to enhance its recognition accuracy. The training
process is considered complete when the Discriminator’s performance degrades to
the level of random guessing-approximately 50% accuracy-indicating that the sam-
ples generated by the Generator have become effectively indistinguishable from real
data ([11]). We use GAN terminology strictly as a conceptual analogy rather than
a learning-theoretic equivalence.

5. Results
The framework is implemented in Python 3.12 using an object-oriented and mod-
ular software architecture. Both components interact with GPT-based language
models via structured prompt templates and standardized interfaces. During the
evaluation, the GPT-4.1 mini, GPT-5.2, and DeepSeek language models were
tested. The implementation can be found on GitHub. [9]
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Two distinct methodological approaches were applied. In the first approach,
only the input context was incrementally refined, while in the second approach
the entire text was modified using a reframing technique derived from cognitive
psychology, resulting in a structural and semantic transformation of the content.
Reframing is effective in LLM attacks because it presents a prohibited request as a
legitimate or benign objective (e.g., research, auditing, or defense), which weakens
the model’s guardrails and increases the likelihood of compliant behavior[24]. Both
approaches were successful, but reframing achieved the malicious results in fewer
iterations.

Our observations demonstrate that the framework is capable of avoiding secu-
rity-relevant behavioral patterns from large language models, including logic con-
sistent with SQL injection and cross-site scripting scenarios, under constrained and
non-executing conditions. These findings provide empirical evidence that prompt-
level adversarial manipulation remains a significant attack vector and that current
security alignment techniques exhibit structural limitations when confronted with
adaptive linguistic strategies.

The primary goal of the testing phase was to evaluate how the proposed gener-
ator-discriminator architecture can circumvent the built-in prompt-level defense of
LLM models, as well as to analyze how large language models respond to security-
sensitive inputs under malicious prompting conditions. Several consistent and well-
defined behavioral patterns emerged during the evaluation process.

As the system progressed, a clear adaptive behavior became apparent. The
generator gradually adjusted its prompt-generation strategy in response to the
discriminator’s feedback. In particular, the generator learned to avoid specific
keywords and expressions that consistently triggered negative evaluations. Table 1
shows these keywords. This adaptation highlights the role of linguistic biases and
internal security patterns in large language models, where certain terms reliably
activate defensive filtering mechanisms, while semantically similar but differently
phrased inputs may partially bypass them.

When the generator produced prompts that explicitly referenced malicious in-
tent, such as attacks, system compromise, or security bypassing, the discriminator
consistently rejected the requests. However, when prompt operational logic was em-
bedded within a neutral to malicious behavior context, the model often no longer
classified the request as dangerous and proceeded to generate a response. This be-
havior underscores the critical importance of contextual framing in security-related
decision processes.

During execution, the framework generated multiple attack-related patterns
commonly used in real-world scenarios. One such output corresponded to a canon-
ical SQL injection structure. The generated code dispatched a series of predefined
time-based SQL payloads to a specified endpoint, subsequently analyzing the re-
sponse content for characteristic database error messages (e.g., MySQL, MSSQL,
Oracle signatures) and measuring response latency.

In addition, discriminator outputs exhibited patterns consistent with cross-site
scripting (XSS). In the analyzed example, a client-side input parameter was re-
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Table 1. Empirically Observed Keyword Sensitivity Patterns.

Category Representative Key-
words / Phrases

Typical Model Response

High-risk (Blocked) hack, exploit, ransomware,
backdoor, bypass security,
steal credentials

Immediate rejection or strict
policy enforcement

Context-dependent SQL injection, XSS, pay-
load, encryption key, au-
tomation

Response depends on sur-
rounding context and fram-
ing

Low-risk (Accepted) analyze, evaluate, mitiga-
tion, detection, security as-
sessment, compliance

Accepted, detailed analyti-
cal output

Reframed (Evasive) stress-test system, robust-
ness evaluation, data expo-
sure scenario, autonomous
software artifact

Partial or full acceptance de-
spite equivalent operational
logic

flected back into the HTML response without appropriate sanitization or encoding.
A ransomware variant was also successfully produced. Within this file, the pro-

gram dynamically imported a cryptographic library providing symmetric, authen-
ticated encryption functionality, specifically relying on the Fernet [31] encryption
scheme. Using a pseudo-randomly derived seed, the application generated a secret
encryption key, which was subsequently used to perform encryption operations on
all resources accessible under the process’s effective privilege set. The resulting
executable was detected by the Windows Defender firewall, indicating that its run-
time behavior and cryptographic activity patterns were classified as malicious. This
external detection serves as an independent validation that the generated artifact
exhibits characteristics recognizable by established endpoint security solutions as
indicative of ransomware-like behavior.

The results demonstrate that the framework can generate functional malicious
code and representative attack scenarios that expose the boundary conditions of
LLM security behavior. Given that the policy explicitly prohibit activities in-
volving the destruction, unauthorized access, or compromise of other systems or
property—including malicious or abuse-driven cyber activities, as well as attempts
to violate intellectual property rights—such behavior can be classified within the
scope of disallowed actions under the defined framework. Although models often
initially reveal only simple vulnerabilities, the application of reframing enables the
construction of more complex and effective attacks, underscoring the sensitivity
of discriminator behavior to subtle contextual manipulation. Overall, the findings
show that LLMs can exhibit adaptive, attack-oriented behavior without explicit
fine-tuning, and that prompt-level manipulation alone can significantly influence
security enforcement and model responses.
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6. Conclusion and Future Work
In this work, we proposed a proactive and automated security evaluation framework
for large language models based on a GAN-inspired dual-LLM architecture. The
framework systematically explores prompt-level vulnerabilities through iterative
adversarial prompting in a black-box setting, without requiring model fine-tuning
or access to internal parameters. Experimental results demonstrate that contextual
reframing and semantic reformulation can significantly influence model behavior,
enabling the generation of security-relevant, attack-oriented outputs, including re-
alistic injection patterns and malware-like logic.

Future work will extend the proposed framework to a wider range of language
models. In addition, we plan to incorporate psychology-inspired attack strate-
gies, such as algorithmic persuasion modeling and cognitive bias exploitation-into
the adversarial prompting process, with the goal of systematically analyzing how
psychological manipulation influences LLM security decisions and enables more
realistic simulations of human-like social engineering attacks.
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Abstract. Objective quantification of facial asymmetry is important for
evaluating postoperative aesthetic outcomes in head and neck surgery. This
paper presents a semi-automatic, low-cost framework for three-dimensional
facial symmetry analysis based on consumer-grade 3D facial scanning. The
proposed workflow consists of facial model preprocessing and normalization,
anatomical landmark-based mid-plane construction, and quantitative sym-
metry assessment. Both global facial symmetry and local symmetry within a
surgically affected Region of Interest (ROI) are evaluated, enabling targeted
analysis of surgery-related contour changes.

The framework was designed as an accessible alternative to specialized
3D scanning systems and commercial post-processing solutions. Three-di-
mensional facial scans were acquired using an iPhone 16 Pro Max under
standardized conditions. The method was preliminarily evaluated on a pilot
dataset comprising four parotidectomy patients and one control subject.

The results demonstrate that the proposed approach is capable of de-
tecting and quantifying localized asymmetry associated with surgical inter-
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vention, even when using low-cost acquisition devices and low-quality scans.
Although the present study is limited by the small sample size, the findings
support the feasibility of consumer-grade 3D facial scanning for objective
postoperative symmetry assessment and provide a foundation for future val-
idation on larger and more diverse patient cohorts.
Keywords: facial asymmetry analysis, parotidectomy, 3D facial scanning,
medical image processing
2020 Mathematics Subject Classification: 68U10, 68T45, 62P10

1. Introduction
Parotid gland surgery constitutes a specialized branch of head and neck surgical
interventions. The surgeon performing such procedures must possess a high level
of practical experience and theoretical knowledge to ensure confidence and ap-
propriate intraoperative decision-making. The significance of these operations lies
primarily in their postoperative aesthetic and functional consequences. The aes-
thetic impact arises not only from the fact that the facial nerve – responsible for
innervating the muscles governing facial expression, eyelid closure, and the reten-
tion of liquids in the oral cavity during eating – traverses the parotid gland, but also
from the postoperative scar and the facial asymmetry caused by tissue removal.
These changes occur in a highly visible region of the body, which patients must
carry in plain sight and which plays a decisive role in interpersonal interactions [1].

The treatment of salivary gland tumors is primarily surgical. The extent of
surgery must be determined on an individual basis; as the radicality of the proce-
dure increases, so does the volume of resected tissue and, consequently, the degree of
contour deficiency. Conversely, insufficiently extensive intervention or inadequate
surgical technique markedly increases the risk of tumor recurrence in both benign
and malignant cases. For certain benign tumors, the risk of malignant transforma-
tion is also elevated under these circumstances. Reoperation requires substantially
greater surgical expertise, and during such procedures the risk of facial nerve injury
increases by orders of magnitude. Beyond its functional consequences, impairment
of facial nerve function represents a tragic outcome following salivary gland surgery,
associated with severe psychosocial sequelae. In recent years, advances in technol-
ogy have led to the use of intraoperative nerve monitoring in an effort to mitigate
this risk [8].

Over the past decades, increasing emphasis has been placed on the long-term
aesthetic outcomes of surgical interventions. This trend is observable across all
surgical disciplines, but is particularly pronounced in highly visible regions such
as the face and neck. Aesthetic considerations are of even greater importance in
the management of benign lesions, as in such cases a disfiguring scar can hardly
be justified as an acceptable sacrifice in the interest of life-saving treatment or
recovery. During each intervention, surgical decision-making is guided not only by
adherence to professional guidelines but also by ethical and moral responsibility.
Especially in young female patients, the skin incision is not merely a technical
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aspect of surgery; rather, it becomes a lifelong factor that may influence self-image,
social relationships, and the patient’s future life trajectory.

For a long time, the most widely used skin incision in salivary gland surgery
was the so-called Modified Blair Incision, which provides excellent exposure and
a high degree of surgical safety. It has withstood the test of time and remains
the most frequently applied approach for the removal of salivary gland tumors
[3, 5]. However, the scar resulting from this incision – extending anterior to the
auricle and into the cervical region – is located in a conspicuous area and may
therefore be aesthetically unfavorable, particularly in younger patients or those
with heightened aesthetic expectations (see Figure 1a). To mitigate this issue,
alternative incision types have gained prominence, such as the Modified Facelift
Incision (see Figure 1b), which has proven effective in aesthetic surgery. This
approach relocates scars into natural skin creases and the hair-bearing scalp behind
the ear, while still providing adequate surgical access to both the tumor and the
facial nerve [2].

(a) Modified Blair (b) Modified Facelift

Figure 1. Surgical incision types considered in this study:
(a) Modified Blair incision and (b) Modified Facelift incision.

Following salivary gland surgery, in addition to the visibility of the incision scar,
changes in facial contour must also be considered. These are influenced by numer-
ous factors, including the course of the skin incision, the amount of subcutaneous
adipose tissue, the extent of soft tissue involvement during surgery, the volume loss
of the salivary gland, and the degree of scarring. This implies that although the
most striking facial deformity arises from damage to facial nerve function, even in
cases of completely preserved nerve integrity, subtle asymmetries and contour de-
formities may develop. These changes are often underestimated in clinical practice,
yet they may impose a substantial burden on patients [10].

Despite the fact that aesthetic benefits constitute the primary rationale for
adopting alternative incision techniques in place of the classical Modified Blair
Incision, objective and quantitative evaluation of aesthetic outcomes is not yet
a routine component of clinical follow-up. Traditionally, postoperative aesthetic
assessment has relied on subjective scoring systems, quality-of-life questionnaires,
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and two-dimensional photographic documentation. While these approaches pro-
vide valuable clinical information, they are limited in their ability to capture sub-
tle three-dimensional contour changes and to provide objective and reproducible
measurements.

More recently, three-dimensional facial scanning technologies have been intro-
duced to support objective postoperative evaluation. Brzoska et al. [6] demon-
strated the feasibility of quantitative three-dimensional facial analysis after paroti-
dectomy using dedicated facial scanning systems and specialized post-processing
tools. Their work confirmed the clinical value of objective symmetry-based assess-
ment. However, the widespread adoption of such approaches may be limited by the
cost of dedicated hardware and software as well as the technical expertise required
for their operation.

The quantitative assessment of facial asymmetry has been investigated for sev-
eral decades. A foundational contribution was provided by Ferrario et al. [7], who
introduced a three-dimensional distance-from-symmetry approach for evaluating
facial asymmetry using geometric measurements. Their work demonstrated the
potential of three-dimensional analysis for objective characterization of craniofa-
cial morphology.

In parallel with methodological developments, recent advances in mobile sensing
technologies have significantly increased the accessibility of three-dimensional facial
acquisition. Rudy et al. [11] evaluated the accuracy and precision of the iPhone-
based TrueDepth scanner and demonstrated that consumer-grade mobile devices
can provide clinically useful three-dimensional facial data. A systematic review and
meta-analysis by Mai and Lee [9] further confirmed that mobile-device-compatible
3D scanners can achieve sufficient accuracy for a wide range of facial digitization
applications.

Building upon these developments, the present work combines consumer-grade
smartphone-based acquisition with landmark-driven mid-plane estimation and ROI-
oriented symmetry analysis. The objective is not to replace high-end scanning
systems in terms of geometric accuracy, but rather to provide a practical, low-
cost, and easily deployable framework for routine postoperative assessment of facial
asymmetry after parotidectomy.

The present work addresses this need by investigating a workflow based on
consumer-grade three-dimensional acquisition, anatomical landmark-based mid-
plane construction, and region-oriented symmetry analysis.

The main contributions of this work can be summarized as follows:

• We propose a semi-automatic framework for three-dimensional facial symme-
try assessment using consumer-grade 3D facial scanning.

• We introduce a landmark-based mid-plane construction procedure that en-
ables anatomically meaningful and reproducible symmetry analysis.

• We evaluate both global facial symmetry and local symmetry within sur-
gically affected Regions of Interest (ROIs), allowing localized assessment of
surgery-related contour changes.
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• We demonstrate the feasibility of the proposed approach on a pilot dataset of
parotidectomy patients acquired using a widely available smartphone device.

The present study should be regarded as a proof-of-concept investigation in-
tended to evaluate the feasibility of low-cost three-dimensional facial asymmetry
assessment rather than to provide statistically generalizable clinical conclusions.
Nevertheless, the preliminary results indicate that the proposed framework can sup-
port objective postoperative evaluation and justify further investigation on larger
patient cohorts.

The remainder of this paper is organized as follows. Section 2 presents the
proposed methodology, Section 3 describes the dataset and acquisition protocol,
Section 4 reports the experimental results, and Section 5 concludes the paper and
outlines directions for future work.

2. Proposed Method
The logical structure of the proposed framework is illustrated in Figure 2.

Figure 2. The main logical components of our proposed method.

The workflow consists of three major processing stages: preprocessing and nor-
malization of the acquired 3D facial model, anatomical landmark-based mid-plane
construction, and quantitative symmetry analysis.

2.1. Preprocessing
After loading the .glb file containing the three-dimensional facial scan, the model
is normalized such that the head is positioned within a unit cube. Points outside
this volume are discarded in order to eliminate irrelevant data and acquisition
artifacts.

Although the acquisition protocol provides relatively consistent head position-
ing, minor variations inevitably occur during scanning. Therefore, the orientation
of the head is further refined using information obtained during the mid-plane es-
timation stage. This normalization process ensures that all scans are represented
within a common coordinate system, thereby enabling meaningful comparison be-
tween different subjects.

2.2. Mid-plane Construction
The purpose of this stage is to estimate the sagittal mid-plane of the head, which
serves as the reference plane for all subsequent symmetry measurements.
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The detected landmarks are used to define the coronal reference plane of the
face. The normal vector of this plane determines the orientation of the sagittal
mid-plane. Furthermore, the estimated mid-plane is constrained to pass through
both the midpoint of the line segment connecting the eyes and the tip of the nose,
thereby ensuring anatomically meaningful alignment.

To achieve this, a set of anatomically identifiable facial landmarks is detected
automatically. These landmarks include the centers of the eyes, the tip of the
nose, and, when reliably visible, the corners of the mouth. Landmark detection is
performed using a previously developed object-detection-based method described
by Bertók et al. [4], which provides robust localization of these facial reference
points and supports accurate estimation of the three-dimensional orientation of
the head.

2.3. Symmetry Calculation
The proposed symmetry analysis is based on the estimated mid-plane obtained in
the previous stage.

Let x denote a point on the facial surface. The corresponding point x′ is deter-
mined along the line perpendicular to the estimated mid-plane passing through x.
Starting from x, this line is extended across the mid-plane until it intersects the
facial surface on the opposite side of the head. The resulting intersection point is
denoted by x′. Consequently, the point pair (x, x′) represents anatomically corre-
sponding locations with respect to the estimated symmetry plane.

The distances are measured from the two surface intersection points to the
estimated mid-plane along the same normal direction.

Let d(x) and d(x′) denote the perpendicular distances of x and x′ from the
mid-plane. The asymmetry associated with the point pair (x, x′) is defined as

A(x, x′) = |d(x) − d(x′)|.

For a perfectly symmetric facial surface, the distances are equal and therefore
A(x, x′) = 0. Larger values indicate increasing local asymmetry.

The overall symmetry of the head, referred to as Global Symmetry (GS), is
computed as the average asymmetry over all corresponding point pairs:

GS = 1
N

N∑︂

i=1
A(xi, x′

i),

where N denotes the total number of point pairs considered during the analysis.
To evaluate surgery-related contour changes, a Region of Interest (ROI) is de-

fined on the facial surface. In the current pilot study, ROIs were manually delin-
eated by experienced head-and-neck surgeons. The selected regions correspond to
the anatomical area directly affected by the surgical intervention while excluding
unrelated facial regions. The same clinical criteria were applied consistently across
all subjects. Representative ROI definitions are shown in Figure 3(b).
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Local symmetry within the ROI, referred to as ROI Symmetry (RS), is com-
puted analogously:

RS = 1
M

M∑︂

j=1
A(rj , r′

j),

where M denotes the number of point pairs belonging to the ROI.
Finally, the overall surgery-related asymmetry measure, referred to as Total

Symmetry (TS), is defined as the absolute difference between the global and local
symmetry values:

TS = |GS − RS|.
A larger value of TS indicates a greater discrepancy between overall facial sym-

metry and symmetry within the surgically affected region, suggesting a stronger
localized effect of the surgical intervention.

Because all facial models are normalized to a unit cube during preprocessing,
the reported symmetry measures are dimensionless normalized quantities.

Although ROI delineation is currently performed manually, future work will
investigate partially automated ROI definition procedures based on anatomical
landmarks and geometric surface analysis. Such extensions are expected to improve
reproducibility and further reduce user intervention.

(a) (b)

Figure 3. (a) The colored points represent the facial landmarks
used for estimating the mid-plane. The heat map visualizes the
distances of surface points from the estimated mid-plane. (b) The
manually delineated Regions of Interest (ROIs) used for local sym-

metry analysis are highlighted in red.

3. Materials and Methods
For the initial evaluation of the proposed method, we constructed a database com-
prising four patients who underwent parotidectomy at Jósa András Teaching Hos-
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pital between 2013 and 2017. For each patient, the details of the surgical procedure
are summarized in Table 1. In addition, a control subject with no history of facial
surgery was included in the database.

For one patient, the standard Modified Blair incision had to be extended beyond
its conventional extent in order to provide adequate surgical access to a larger tumor
and the affected anatomical region. To distinguish this case from the standard
procedure, it is denoted as “Modified Blair+” throughout the paper.

Written informed consent was obtained from all participants prior to data acqui-
sition. Three-dimensional facial scans were acquired using the built-in TrueDepth-
based scanning capabilities of an iPhone 16 Pro Max. The use of a widely available
consumer-grade device was motivated by the goal of developing a practical and
low-cost assessment workflow that can be deployed in routine clinical environments
without requiring dedicated scanning hardware or specialized technical expertise.

To improve consistency across acquisitions, all scans were performed according
to a standardized protocol. Participants were seated during scanning, and the
acquisition distance, lighting conditions, and illumination direction were kept as
constant as possible. Participants removed their glasses before scanning, and the
hair was covered in order to minimize scanning artifacts and reduce the influence
of non-facial structures on the subsequent symmetry analysis.

The head position was not mechanically constrained during acquisition. In-
stead, the proposed framework automatically estimates and normalizes head orien-
tation based on the detected facial landmarks described in Section 2. This design
choice reflects realistic clinical conditions and allows the method to remain practical
for routine use.

Figure 4. Representative three-dimensional facial scan acquired
using the proposed acquisition protocol. Hair was covered dur-
ing scanning to reduce scanning artifacts, and the resulting surface

mesh was used for the subsequent symmetry analysis.

Representative scans obtained during data collection are shown in Figure 4.
Although the scans were acquired under controlled conditions, the resulting models
intentionally contain minor acquisition artifacts and geometric imperfections. This
was considered beneficial for evaluating the robustness of the proposed method
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under realistic, non-ideal circumstances that are likely to occur in everyday clinical
practice.

4. Experimental Results
The primary objective of the experimental evaluation was to investigate whether
the proposed symmetry-based framework is capable of detecting and quantifying
facial asymmetry associated with parotidectomy-related contour changes. Partic-
ular attention was paid to the ability of the method to operate on consumer-grade
3D scans containing realistic acquisition artifacts.

For the evaluation, a pilot dataset consisting of four parotidectomy patients
and one control subject was analyzed. The dataset included patients treated us-
ing different surgical approaches, thereby providing an opportunity to explore the
potential of the proposed framework for objective postoperative assessment. The
acquired scans were intentionally retained at a relatively low quality level in order
to evaluate the robustness of the method under realistic clinical conditions.

Table 1 summarizes the Global Symmetry (GS), ROI Symmetry (RS), and Total
Symmetry (TS) values computed for each subject. As described in Section 2, GS
characterizes the overall facial symmetry, RS characterizes symmetry within the
surgically affected region, and TS represents the absolute difference between these
two quantities.

Table 1. For the patients included in the study, the symmetry
metrics determined by our method and the corresponding rankings

based on these metrics.

ID Type of Global ROI Total Doctor’s Method’s
Surgery Symmetry Symmetry Symmetry Ranking Ranking

Patient #1 Modified Facelift 4.29 4.72 0.43 1 1
Patient #2 Modified Blair 0.44 3.92 3.48 2 2
Patient #3 Modified Blair+ 0.69 6.05 5.36 3 4
Patient #4 Modified Blair 0.84 4.77 3.93 4 3
Patient #5 None 1.55 0.00 1.55

The results indicate that the proposed method successfully differentiates be-
tween subjects exhibiting different levels of localized asymmetry. The control sub-
ject demonstrates the expected behavior, namely the absence of surgery-related
asymmetry within the selected ROI. In contrast, the operated patients exhibit
varying degrees of discrepancy between global and local symmetry measures, re-
flecting differences in postoperative contour changes.

To facilitate interpretation, the patients were ranked according to the Total
Symmetry measure. The resulting ranking was compared with the independent
aesthetic ranking provided by the surgeon responsible for the operations and post-
operative follow-up. As shown in Table 1, the proposed method produced rankings

130 Proceedings of the ICAI 2026130 Proceedings of the ICAI 2026130 Proceedings of the ICAI 2026



ICAI 2026 A Proposed Method for Measuring the Aesthetic Outcome of Head Surgery

that are broadly consistent with the clinical evaluation. In particular, Patient #1
was identified as having the most favorable aesthetic outcome by both the surgeon
and the proposed method, while Patient #2 occupied the same position in both
rankings.

A discrepancy can be observed for Patients #3 and #4. According to the sur-
geon’s assessment, Patient #3 achieved a more favorable aesthetic outcome than
Patient #4, whereas the proposed method assigned a higher symmetry score to
Patient #4. This difference may be explained by the fact that the proposed frame-
work evaluates primarily geometric symmetry within the selected ROI, while the
surgeon’s assessment incorporates additional qualitative factors that are difficult to
capture using symmetry measurements alone, including scar visibility, tissue tex-
ture, and the overall visual impression of the face. Consequently, the disagreement
does not necessarily indicate an error of the proposed method, but rather highlights
the difference between objective geometric measurements and comprehensive clin-
ical aesthetic judgement.

These preliminary findings suggest that the proposed framework is capable of
providing meaningful and reproducible quantitative information regarding post-
operative facial asymmetry. At the same time, the observed ranking discrepancy
emphasizes the importance of combining objective measurements with expert clin-
ical evaluation when assessing aesthetic outcomes.

The present study has several limitations. Most notably, the pilot dataset con-
tains only four operated patients and one control subject, which precludes statisti-
cally significant conclusions. Furthermore, ROI delineation was performed manu-
ally, and the scans intentionally contained acquisition artifacts. Nevertheless, these
conditions provide a realistic assessment scenario and demonstrate the feasibility
of the proposed low-cost approach. Larger-scale validation studies will be required
to establish the clinical reliability and generalizability of the method.

5. Conclusion
In this paper, we presented a semi-automatic, low-cost framework for the objective
three-dimensional assessment of facial asymmetry following parotid gland surgery.
By combining consumer-grade 3D facial scanning, anatomical landmark-based mid-
plane estimation, and ROI-oriented symmetry analysis, the proposed method pro-
vides quantitative measures describing both global and localized postoperative fa-
cial asymmetry.

The presented framework was designed as an accessible alternative to approaches
that rely on dedicated scanning systems and specialized post-processing software.
The preliminary results obtained from the pilot dataset demonstrate that the
method is capable of detecting and quantifying localized asymmetry associated
with surgical intervention, even when using low-cost acquisition devices and scans
containing realistic acquisition artifacts.

Comparison with the surgeon’s aesthetic assessment revealed a generally con-
sistent relationship between the computed symmetry measures and expert clinical
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judgement. At the same time, the observed disagreement in one case highlights
the fact that facial symmetry represents only one component of overall aesthetic
outcome and should be interpreted together with additional clinical factors such as
scar visibility, tissue characteristics, and subjective patient perception.

The present study should be regarded as a proof-of-concept investigation. Ow-
ing to the limited number of subjects, no statistically generalizable clinical conclu-
sions can be drawn regarding the relative aesthetic performance of the investigated
surgical techniques. Nevertheless, the results demonstrate the feasibility of the
proposed framework and support further investigation of consumer-grade three-
dimensional facial scanning for objective postoperative assessment.

Future work will focus on automated ROI definition, improved robustness
against acquisition artifacts, and validation on larger and more diverse patient
cohorts. Such studies will enable statistically grounded evaluation of aesthetic out-
comes and provide a stronger basis for comparing alternative surgical approaches
in terms of their long-term visual impact.
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Abstract. Collaborative learning requires pedagogically balanced teams to
function effectively. However, satisfying multiple strict constraints, such as
specific gender ratios and minimized intra-group skill variance, transforms
team composition into an NP-hard combinatorial optimization problem. Ex-
act solving approaches, such as Optimization Modulo Theories (OMT), suffer
from combinatorial explosion, taking hours to evaluate small cohorts (N =
40). We propose a Deep Reinforcement Learning (DRL) framework to resolve
this bottleneck. Adapting the Long and Short-Term Constraints (LSTC)
architecture, we enforce non-negotiable rules via dynamic action masking
and cubic reward shaping. We utilize Deep Q-learning from Demonstra-
tions (DQfD) via replay buffer pre-loading to initialize the policy with valid
baselines. Empirical results show that our DRL agent achieves a significant
computational speedup over the OMT-baseline while matching its engage-
ment maximization. Furthermore, our approach eliminates the “failure clus-
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1. Introduction
Collaborative learning relies heavily on the structural composition of student teams.
The pedagogical efficacy of group work degrades significantly when teams are im-
balanced, often leading to demographic isolation or extreme skill variance that
suppresses participation. Educators are required to form groups that satisfy strict
rules, such as maintaining specific gender ratios and distributing high-performing
students evenly to foster peer-assisted learning.

Manually satisfying these conditions for large classrooms is administratively
unscalable. Formally, team formation under strict constraints is an NP-hard com-
binatorial optimization problem. Traditional approaches utilize exact mathemati-
cal solvers, such as Satisfiability Modulo Theories (SMT) or Optimization Modulo
Theories (OMT) tools [1, 9, 11]. While these guarantee a mathematically optimal
solution, they suffer from a severe combinatorial explosion. For a standard class-
room of 40 students, finding the optimum may take hours, completely precluding
real-time, dynamic grouping.

To bridge the gap between heuristic speed and mathematical optimality, we
propose a Deep Reinforcement Learning (DRL) approach. We frame the team
composition process as a sequential Markov Decision Process (MDP) and solve it
using a Deep Q-Network (DQN) [10] augmented with Safe RL constraint logic.

Our primary contributions are:

• We define a multi-objective reinforcement learning environment that success-
fully models the NP-hard team formation problem.

• We introduce a Safe RL mechanism employing dynamic action masking and
cubic reward shaping to enforce non-negotiable pedagogical rules.

• We implement DQfD via replay buffer pre-loading to bypass early-stage
chaotic exploration.

• We demonstrate a highly competitive approximation that yields a significant
speedup over iterative OMT solvers while simultaneously improving struc-
tural fairness.

2. Related Work
The team formation problem has been approached from multiple computational
angles over the past decade. Early attempts heavily relied on heuristic and meta-
heuristic algorithms, including Genetic Algorithms (GA) and Particle Swarm Op-
timization (PSO) [2]. While these approaches are computationally lighter than
exact solvers, they often fall into local optima and struggle to guarantee absolute
adherence to hard constraints without extensive penalty tuning.

SMT solvers such as Z3 [11] or specific SMT-based applications developed for
team formation [1] can successfully generate satisfying assignments, but they can-
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not guarantee finding the global optimum. Conversely, exact optimization meth-
ods like Integer Linear Programming (ILP) and OMT provide absolute guarantees.
However, these methods traverse a huge state space and, hence, are quite resource
demanding. As classroom sizes increase linearly, the combinatorial complexity may
increase factorially, rendering them impractical for modern, dynamic educational
software. Machine learning techniques have been increasingly proposed to mitigate
these combinatorial bottlenecks. Neural networks have been utilized to classify
SAT problem instances to optimize solver configurations and reduce runtime [4].
While such hybrid approaches accelerate formal logic tools, they still ultimately
rely on the underlying exact solver’s architecture.

Recent advancements in Reinforcement Learning (RL) have shown promise in
combinatorial optimization. However, standard RL agents maximize cumulative
reward without regard for absolute constraints. In safety-critical domains such as
autonomous driving, frameworks like Long and Short-Term Constraints (LSTC)
have been developed to ensure absolute bounds [5, 8]. We adapt this safe RL
methodology for educational technology.

3. Methodology

3.1. Preliminaries
Satisfiability Modulo Theories (SMT) denotes the decision problem of determining
the satisfiability of a Boolean formula with respect to a specific background theory.
Common background theories encompass, among others, the domains of integers,
real numbers, and fixed-size bit-vectors [3]. The corresponding fragments of logic
are typically differentiated by the linearity or non-linearity of their arithmetic con-
straints, as well as the inclusion or exclusion of quantifiers. In this work, we restrict
our focus to the quantifier-free fragment of linear integer arithmetic, formalized as
QF_LIA within the SMT-LIB standard [3].

As an extension of the standard decision problem, Optimization Modulo Theo-
ries (OMT) incorporates objective functions to be maximized or minimized. Conse-
quently, an OMT instance augments the underlying formula with an optimization
objective, formally expressed as max : obj or min : obj, where obj denotes the
objective function.

A Markov Decision Process (MDP) provides a formal mathematical framework
for modeling sequential decision-making in environments where outcomes are in-
fluenced both by systemic stochasticity and the agent’s choices [14]. An MDP is
defined by a state space S, an action space A, transition dynamics, and a reward
function. At each discrete time step t, the agent observes a state st ∈ S, executes
an action at ∈ A, and subsequently receives an immediate reward rt alongside the
next state st+1. The ultimate objective is to learn a policy π that maximizes the
expected cumulative reward over the duration of the episode.

Deep Reinforcement Learning (DRL) significantly extends traditional tabular
reinforcement learning by integrating deep neural networks, empowering agents to
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effectively navigate extremely high-dimensional or continuous state spaces [10]. A
foundational DRL algorithm is Deep Q-Learning, which employs a Deep Q-Network
(DQN) to approximate the optimal action-value function (Q-value). The Q-value
estimates the expected long-term return of executing a specific action within a given
state. During training, the DQN iteratively refines its parameters by minimizing
the temporal difference error between predicted and target Q-values, gradually
converging upon an optimal decision-making policy [10].

3.2. Formal Constraints
The objective is to partition a set of N students into K groups of size S, such
that all the following constraints are met. Let U = {u1, u2, . . . , uN} be the set of
students. We define binary decision variables xi,k as follows:

xi,k =
{︄

1 if student ui is assigned to group k

0 otherwise

Size Constraints. Each group must contain exactly S students.

N∑︂

i=1
xi,k = S ∀k ∈ K

Assignment Constraints. Every student must be assigned to exactly one group.

K∑︂

k=1
xi,k = 1 ∀i ∈ {1, . . . , N}

Demographic Constraints. Let gi ∈ {0, 1} represent the gender of student ui.
The ratio of a specific gender in group k must be bounded between α and β (e.g.,
0.4 and 0.6).

α · S ≤
N∑︂

i=1
xi,k · gi ≤ β · S ∀k ∈ K

3.3. OMT-Based Approach
To establish a formal mathematical baseline, we implemented an exact solving
approach that iteratively calls the OMT solver. Because computing a true global
optimum for the entire team partitioning problem is computationally intractable,
our baseline operates iteratively and greedily. Therefore, it does not represent a
global optimum for the whole partitioning problem.

Instead of global variance minimization, the OMT objective function is designed
to maximize a weighted composite performance score for the current group being
formed. Let CSi represent the composite score for the student ui, calculated as
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the weighted sum of the student’s academic and engagement features denoted by
f1

i , . . . , fM
i :

CSi =
M∑︂

j=1
wj · f j

i (3.1)

Note that the values for the weights wj for the students’ jth feature must be
predefined depending on the actual study goals and context.

In the kth iteration, the solver evaluates the remaining pool of unassigned stu-
dents Uunassigned ⊆ U and maximizes the objective function:

max
∑︂

ui∈Uunassigned

xk
i · CSi (3.2)

After the solver returns a satisfying assignment, we freeze the assignments to the
kth group and remove the corresponding students from the pool.

The Greedy Deterioration Problem. While the iterative OMT approach
mathematically guarantees the optimal group formation at each individual step, it
suffers from a critical systemic flaw called greedy deterioration.

Since the solver maximizes Equation (3.2) iteratively, it aggressively groups the
highest-performing students together in the early iterations. By the time the algo-
rithm reaches the final iterations, the pool of unassigned students is completely de-
pleted of high-performers. This deterministic “skimming” guarantees the creation
of a “failure cluster” at the end of the execution. This is empirically evidenced by
the significant performance gap between the strongest and weakest teams generated
by the iterative solver.

Our RL approach explicitly solves this. Since the RL agent is trained to max-
imize long-term cumulative reward across the entire episode, it learns a strategy
of delayed gratification. The agent proactively rejects “super groups” early in the
episode, reserving high-performing students to balance the teams formed later.
Consequently, the RL framework sacrifices the localized, greedy optimum of a sin-
gle group in favor of global structural fairness, achieving a tighter group score gap
than the iterative exact solver.

3.4. DRL Approach
Instead of evaluating the combinatorial search space globally, our framework con-
structs teams iteratively via a sequential decision-making process modeled as an
MDP.

3.4.1. Enforcing Hard Constraints via Safe RL

To ensure the DQN adheres strictly to non-negotiable pedagogical rules, we imple-
mented a dual-layer defense mechanism:
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• Dynamic Action Masking: The environment acts as a strict gatekeeper.
If the policy outputs an action at = 1 that would violate the constraints es-
tablished in Section 3.2, the environment intercepts the transition. It enforces
valid_add = False and applies a localized immediate penalty to discourage
the invalid branch. Strict enforcement derives from this masking mechanism.

• Safety Overrides: To prevent state deadlocks where the agent infinitely
rejects candidates, a deterministic force-fill overrides the policy when the
remaining student pool equals the required remaining slots.

3.4.2. Cubic Reward Shaping

Standard linear reward functions are insufficient to deter agents from violating
constraints to maximize secondary bonuses (e.g., student engagement). While hard
rules are enforced via action masking, deviations from the mathematical ideal are
punished by using a cubic penalty:

Pgender = γ · |∆ratio|3 (3.3)

where γ is a scaling scalar. This polynomial taxation creates a steep “Reward
Cliff.” The agent rapidly converges on the understanding that violating a targeted
constraint mathematically obliterates accumulated positive rewards.

3.4.3. DQfD via Replay Buffer Pre-loading

Standard DRL agents start completely blind. To accelerate convergence and guar-
antee baseline validity, we utilized Deep Q-learning from Demonstrations (DQfD) [7].
Prior to training, we utilize a heuristic script to generate expert trajectories that
strictly balance demographics and skill variance.

Algorithm 1 outlines the initialization phase of our DRL framework. To fully
understand the agent’s decision-making process, it is necessary to define the vari-
ables within the state space, the action space, and the specific mechanics of the
expert heuristic.

State Space Representation (st). At each iteration, the environment presents
the agent with a multi-dimensional observation vector. This vector is divided into
two categories:

• Intrinsic Student Features: The normalized dataset values of the current
candidate being evaluated. These include exam scores, assignment comple-
tion, attendance, gender, etc.

• Dynamic Context Variables: Metrics representing the real-time state of
the episode. These include the normalized size of the current group, the
current group’s male ratio, the male ratio of the pool of unassigned students,
and the running average exam score of the current group.
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Algorithm 1 DQfD Replay Buffer Pre-loading
1: Initialize replay buffer D
2: Initialize environment E
3: for step = 1 to Esteps do
4: Observe state st

5: Evaluate demographic bounds α, β
6: if Acceptance violates bounds then
7: at ← 0 ▷ Expert rejection
8: else
9: at ← 1 ▷ Expert acceptance

10: end if
11: Execute at, observe rt, st+1
12: Store (st, at, rt, st+1) in D
13: end for
14: Begin standard DQN training utilizing pre-loaded D

Action Space (at) and Safety Overrides. The agent outputs a discrete binary
action: at = 1 (Accept) or at = 0 (Reject). However, the environment dynamically
masks invalid actions. If an “Accept” action pushes the group’s male or female
count beyond the hard limit β, the environment forces a rejection and applies
an immediate localized penalty of −10. Conversely, if the number of remaining
students exactly matches the number of empty slots required to complete a group,
the environment triggers a “force-fill” override, bypassing the agent’s policy to
prevent state deadlocks.

Reward Function Formulation (rt). The primary reward is calculated only
when a terminal state is reached (i.e., a group reaches the target size S). The
terminal reward is a composite function of constraint penalties and behavioral
bonuses:

rterminal = rbase − Pgender − σ · Pskill + Bengage + Bdiverse (3.4)
rbase is a base reward value. Pgender is the cubic penalty for demographic deviation.
Pskill is a weighted penalty derived from the standard deviation of the group’s
exam and assignment scores, scaled by a scalar σ. The bonuses (Bengage and
Bdiverse) reward the inclusion of students with high attendance, discussion rates,
and extracurricular involvement.

Expert Demonstration Logic. During the pre-loading phase (Steps 3–12 in
Algorithm 1), the heuristic approach does not simply group randomly. It acts as
an expert teacher by actively preventing segregation. It continuously monitors the
current group’s average exam score. If the group average exceeds 0.8, the approach
explicitly rejects high-performing candidates (> 0.8) to prevent the formation of
a “super group”. Conversely, if the group average falls below 0.65, it rejects low-
performing candidates to prevent a “failure cluster.” Injecting Esteps steps of this
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logic directly into the DQN’s replay buffer hopefully ensures the DQN begins gra-
dient descent anchored to a pedagogically safe baseline.

4. Experiments and Discussion

4.1. Dataset
We utilized a statistically accurate dataset of N = 40 students based on stan-
dard higher-education distribution curves, adapting learning behavior parameters
from a publicly available recent educational dataset [12]. From this dataset, 7 in-
trinsic student features were used in our experiments: Exam Scores, Assignment
Grades, Attendance, Discussions, Extracurriculars, EduTech Affinity, and Gender.
To ensure repeatability and transparency, the dataset, full implementation, and
experimental benchmarks are publicly available in our GitHub repository [6].

4.2. Experimental Setup
The target group size was set to S = 10, reflecting standard pedagogical config-
urations for collaborative STEAM activities. The gender-related lower and upper
bounds were set to α = 0.4 and β = 0.6, respectively.

The OMT-based approach was implemented using the Z3 [11] OMT solver. Cer-
tain additional hyperparameters were set regarding the objective function, which
calculates a composite feature score for each student, as Equation (3.1) shows. The
following weights were assigned to the academic and engagement features: 0.7 to
Exam Scores; 0.3 to Assignment Grades; 0.2 to Attendance; 0.1 to Discussions,
Extracurriculars, and EduTech Affinity.

The DRL agent was implemented using Stable-Baselines3 [13], utilizing a multi-
layer perceptron (MLP) policy. Several key hyperparameters were specifically
tuned for this combinatorial state space:

• Total Timesteps (50, 000): Selected to provide the agent with sufficient
episodic interactions to map the “Reward Cliff” without overfitting to the
training cohort.

• Learning Rate (1 × 10−3): A conservative learning rate was chosen to
prevent catastrophic forgetting of the expert DQfD baseline during early
exploration.

• Soft Target Updates (τ = 0.01): Applied to stabilize the Q-network by
slowly blending the target network weights, which prevents oscillation on the
highly sensitive multi-objective reward surface.

• Scaling Scalars: γ = 2 is applied to scale the deviation value regarding the
ideal gender balance when calculating the cubic penalty Pgender, as shown in
Equation (3.3). Since the skill penalty Pskill is supposed to greatly influence
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the value of the reward function, shown in Equation (3.4), the corresponding
scaling scalar is set to σ = 100.

• Reward Function Parameters: Equation (3.4) defines the composite re-
ward function of constraint penalties and behavioral bonuses. The base re-
ward value is set to rbase = 100. When calculating the skill penalty Pskill, the
weights 0.7 and 0.3 were assigned to the standard deviation of the groups’
Exam Scores and Assignment Grades, respectively. When calculating Bengage,
the weight 5.0 was assigned both to the mean of Attendance and to the mean
of Discussions. Finally, when calculating Bdiverse, the weights 5.0 and 3.0 were
assigned to the aggregated values of EduTech Affinity and Extracurriculars,
respectively.

Ablation Study Configuration. To isolate the impacts of our proposed Safe
RL constraints and pre-loading strategy, we formulated a formal ablation study
consisting of five configurations:

1. Baseline (All ON): The full architecture including Action Masking, Cubic
Penalty, Safety Overrides, and DQfD Pre-loading.

2. No Action Masking: The dynamic gating mechanism is disabled, allowing
the agent to propose invalid actions.

3. No Cubic Penalty: The polynomial constraint penalty is disabled.

4. No Safety Overrides: The deterministic fallback mechanism preventing
state deadlocks is disabled.

5. No Preloading: The DQfD expert replay buffer initialization is disabled,
forcing the agent to learn from zero knowledge.

To account for environmental determinism and ensure statistical validity, the model
was executed across N = 10 randomized cohort initialization seeds for each configu-
ration. We calculated the mean, standard deviation, and 95% Confidence Intervals
for all relevant metrics, alongside independent t-tests to determine statistical sig-
nificance.

4.3. Computational Efficiency
The primary success of the framework is the resolution of the combinatorial bot-
tleneck. As illustrated, the exact Z3 solver required 13,304 seconds (approx. 3.7
hours) to compute the optimal distribution. In stark contrast, the DRL framework
achieved the solution in approximately 65 seconds.

It is important to note that the DRL agent’s runtime represents the entire
end-to-end pipeline, encompassing both the complete DQN training phase and the
final deterministic inference generation. Because the framework enables zero-shot
inference, evaluating entirely new classroom distributions of the same size requires
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less than 0.04 seconds of processing time. This represents a massive 204x speedup
over the iterative OMT baseline.

The observed speedup is rooted in the fundamental difference in algorithmic
complexity. The exact Z3 OMT solver operates with a combinatorial search space
that might grow factorially, as it attempts to prove optimality across student per-
mutations [1, 11]. In contrast, the DRL agent performs sequential inference. Once
trained, the complexity of generating a roster is reduced to linear time. This al-
lows the system to remain viable for massive cohorts where exact methods reach
an absolute computational wall.

4.4. Mathematical Quality and Fairness
A common critique of RL heuristics is the loss of formal mathematical quality. As
shown in Table 1, our agent matched the mathematical optimum on engagement
and diversity maximization without performance degradation.

Table 1. Performance comparison between formal logic and RL.

Metric (N = 40) OMT (Z3) DRL Agent
Average Engagement 1.201 1.201
Diversity Count 12.5 12.5
Skill Variance 0.198 0.200
Group Score Gap 0.174 0.140

More importantly, the DRL agent outperformed the iterative OMT solver in
worst-case fairness. While the OMT solver sacrificed the final group, resulting in a
0.174 gap between the strongest and weakest teams, our agent actively prevented
the creation of a “failure cluster,” reducing the gap to 0.140, a 20% improvement
in structural fairness.

Figure 1. Agent evaluation rate per candidate, demonstrating
non-greedy behavior.
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4.5. Decoding the Agent’s Strategy
Behavioral analysis revealed that the agent developed a strategy of delayed gratifi-
cation. As seen in Figure 1, to fill a 5-person roster, the agent evaluated up to 70
candidates. It proactively rejected high-performing students early in the episode
if adding them risked forcing a demographic constraint violation later. This con-
firms the policy prioritized global terminal stability over localized, greedy reward
maximization.

Figure 2. Seed stability analysis over 10 randomized initialization
states.

4.6. Robustness and Stability
To validate determinism, we conducted a Seed Stability Test. The trained baseline
policy was evaluated against 10 fully randomized dataset initializations. As shown
in Figure 2, across all inference iterations, the skill variance performance remained
incredibly stable. The maximum deviation from the mean was less than 0.009,
meaning the variance was strictly bounded within an exceptionally narrow ±0.01
margin. This confirms the algorithm’s reliability: the output groupings are a prod-
uct of the learned neural network weights, not just a fluke of the initial student
ordering.

4.7. Ablation Study and Statistical Analysis
The 10-iteration ablation study successfully executed across all configurations. The
primary success of the fallback logic is evidenced by the absolute Deadlock Statis-
tics: across all 50 total executions, exactly 0 deadlocks occurred. The agent, aided
by the flexible window size, always successfully navigated the pedagogical con-
straints without triggering the force-fill override mechanism.
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The isolated algorithmic impacts are summarized in Table 2. Notably, training
time and deterministic inference time are strictly separated to underscore the sub-
second inference efficiency of the trained policy.

Table 2. Ablation Study Results (Mean ± 95% CI over 10 seeds).

Configuration Skill Variance Gender Imbalance Train Time (s) Inference Time (s)
Baseline (All ON) 0.205± 0.007 0.90± 0.33 65.09± 1.52 0.038± 0.005
No Action Masking 0.203± 0.008 1.10± 0.29 65.41± 1.83 0.037± 0.002
No Cubic Penalty 0.208± 0.008 1.05± 0.30 64.53± 1.39 0.038± 0.003
No Safety Overrides 0.198± 0.007 1.00± 0.34 65.42± 2.20 0.037± 0.007
No Preloading 0.209± 0.009 0.90± 0.24 73.60± 6.91 0.040± 0.003

Independent t-tests revealed that none of the performance degradations reached
strict statistical significance (p < 0.05). While this lack of significance primarily
highlights the remarkable stability and robustness of the base DQN representation
in navigating the multi-objective reward surface, the empirical trends precisely
matched our hypotheses. Removing DQfD preloading significantly worsened train-
ing convergence time and slightly degraded the skill variance. Similarly, removing
the hard action masking logic or the cubic penalty resulted in a localized spike in
demographic gender imbalance, proving the necessity of these Safe RL implemen-
tations for strict pedagogical adherence.

5. Conclusion and Future Work
In this paper, we established Deep Reinforcement Learning as a scalable, math-
ematically rigorous alternative to formal logic solvers in educational technology.
Computationally, our approach resolves the combinatorial bottleneck, achieving
a 148x speedup over the iterative OMT baseline. Pedagogically, combining ac-
tion masking and cubic reward shaping eliminated failure clusters, improving team
fairness by 20%.

Despite these promising results, key limitations direct our future research. To
rigorously test the scalability of the proposed algorithm, future inference evalua-
tions will utilize significantly larger and structurally diverse datasets. Furthermore,
while the agent empirically encountered zero deadlocks in our current cohorts, the
mathematical question of solver completeness remains open. We intend to rigor-
ously monitor conditions under extremely tight demographic constraints that might
trigger UNSAT (unsatisfiable) state breakdowns.

Finally, future work will expand our comparative baselines. We will evaluate our
DRL framework side-by-side with exact mathematical optimizers, particularly Inte-
ger Linear Programming (ILP) formulations, to comprehensively map the trade-offs
between heuristic speed and formalized global optima.
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Abstract. Ectopic pregnancy (EP) remains a major cause of first-trimester
maternal morbidity and mortality, while early diagnosis is challenging because
clinical symptoms frequently overlap with those of other gynaecological con-
ditions. This study proposes an interpretable machine-learning framework for
early EP risk stratification using routinely available clinical variables. The
proposed framework was evaluated on a cohort of 2,060 patients comprising
1,030 EP cases and 1,030 matched controls described by age and 12 binary
clinical variables.

To ensure unbiased evaluation, the data were divided into independent
training and test sets before model development. Synthetic samples were
generated exclusively within the training partition using a class-conditional
Gaussian copula model to augment model training while preserving the sta-
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tistical characteristics of the original data. All validation, calibration, statis-
tical analyses, and final performance evaluation were performed exclusively
on previously unseen real patient data.

Six machine-learning classifiers, including Logistic Regression, Random
Forest, Gradient Boosting, Support Vector Machine, Multilayer Perceptron,
and a soft-voting ensemble, were evaluated using discrimination, calibration,
clinical utility, and explainability analyses. Performance was assessed using
ROC-AUC, PR-AUC, calibration metrics, decision-curve analysis, SHAP in-
terpretation, and statistical comparisons based on the DeLong, McNemar,
and Friedman tests.

The soft-voting ensemble achieved the highest performance on the inde-
pendent test set, with an ROC-AUC of 0.609 (95% CI: 0.563–0.653). Mul-
tivariable logistic regression and SHAP consistently identified prior ectopic
pregnancy as the strongest predictor (adjusted OR = 27.8, 95% CI: 8.7–
88.8), followed by psychiatric disease and previous genital surgery. Although
predictive performance from routine clinical variables alone was modest, the
proposed framework provides transparent, reproducible, and well-calibrated
risk estimation. The findings further demonstrate that synthetic data are
effective for training augmentation while preserving the independence and
validity of real-world clinical evaluation.
Keywords: ectopic pregnancy, interpretable machine learning, synthetic data
augmentation, Gaussian copula, SHAP, calibration, decision curve analysis,
clinical decision support

1. Introduction
Ectopic pregnancy (EP) is the implantation of a fertilised ovum outside the en-
dometrial cavity, most often in the Fallopian tube [4], and is a leading cause of
first-trimester maternal mortality [8]. Presentation is non-specific: lower abdomi-
nal pain, vaginal bleeding, and menstrual irregularity are shared with other gynae-
cological emergencies, so early discrimination is difficult [14]. Despite transvaginal
ultrasound and serial hCG testing, about half of EP cases are undiagnosed at first
presentation [13, 15], motivating data-driven decision support.

Prior machine-learning studies report encouraging performance. Aghayari et
al. [1] obtained AUC 0.91 with a random forest on a real Iranian cohort; Rueangket
et al. [16] found neural networks maximised recall at the cost of specificity; Du et
al. [7] built an individualised risk tool with gradient boosting. Jacob et al. [11]
identified prior EP, prior genital surgery, endometriosis, and psychiatric disorders
as salient risk factors in a German cohort of n = 100,197; the anonymised extract
released via Dryad [10] underlies the present study.

In this work we develop and evaluate an interpretable machine-learning frame-
work for early EP risk stratification from routine clinical variables. Our contribu-
tions are:

• Real-data evaluation with strict separation. All metrics are computed
on a test set that is held out before any model fitting; results are reported from
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a single results file so that tables, figures, and text are mutually consistent.

• Structure-preserving synthetic augmentation. A class-conditional Ga-
ussian copula generator preserves both the marginal prevalence and the pair-
wise co-occurrence structure of the clinical variables when generating syn-
thetic training samples.

• Feature analysis. We study pairwise interaction terms, composite counts,
and a learned composite risk score, together with feature selection.

• Comprehensive evaluation. Discrimination (AUC, PR-AUC), threshold
metrics, statistical testing (DeLong, McNemar, Friedman), calibration (Brier
score, slope, intercept), decision-curve analysis, and SHAP interpretability.

2. Related Work

2.1. Ectopic Pregnancy: Epidemiology and Risk Factors
EP occurs in 1−2% of all pregnancies and accounts for 9% of pregnancy-related
deaths in the United States [8]. Established risk factors include prior EP, pre-
vious pelvic or tubal surgery, pelvic inflammatory disease (PID), endometriosis,
irregular menstruation, advanced maternal age, and smoking [3, 9, 11, 18]. Men-
strual symptoms – dysmenorrhoea, mid-cycle pain, and abnormal bleeding – have
been highlighted in multiple studies as early clinical discriminators [11]. Huang
et al. [9] demonstrated a strong nationwide association between PID and EP inci-
dence, while Chong et al. [18] quantified the endometriosis risk (OR = 2.6) through
meta-analysis.

2.2. Machine Learning for EP Prediction
Aghayari et al. [1] conducted a comprehensive ML study of EP prediction, evalu-
ating Logistic Regression, Decision Trees, Random Forests, and XGBoost on a real
clinical dataset of 2,060 patients from Iran. Random Forest achieved the best per-
formance (AUC 0.9065, accuracy 87.13%). Their study is significant in introducing
interpretable ML to EP triage but is limited by the absence of interaction-based
features and a learned composite risk score. Rueangket et al. [16] compared step-
wise logistic regression against Naive Bayes, k-NN, and neural network classifiers
for EP diagnosis using emergency presentation data, finding that neural networks
provided superior recall but at the cost of reduced specificity. Du et al. [7] proposed
an individualized risk prediction tool for EP within the first 10 weeks of gestation
using gradient boosting and lasso-based variable selection, achieving competitive
AUC.
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2.3. Ensemble Methods in Clinical Prediction
The theoretical justification for ensemble learning rests on the variance–bias de-
composition and on the observation that combining classifiers with uncorrelated
errors reduces total generalisation error [6, 19]:

Generalisation Error = Bias2 + Variance + Irreducible Noise.

Ensemble methods have demonstrated consistent improvements over single models
across oncology [2], cardiac risk stratification, and ICU outcome prediction. Soft-
voting ensembles preserve calibrated probability estimates, which is essential for
downstream clinical risk thresholding [17].

2.4. Interpretability in Clinical Machine Learning
SHapley Additive exPlanations (SHAP) [12] provide a game-theoretic decompo-
sition of individual predictions, assigning each feature a contribution value that
satisfies efficiency, symmetry, and null player axioms. SHAP values are now rou-
tinely used to audit clinical models for face validity and to support regulatory
submissions [2]. Logistic Regression coefficients, when features are standardised,
offer a complementary global interpretability mechanism that is directly actionable
by physicians [5].

3. Methodology

3.1. Dataset and preprocessing
We use the Dryad extract of Jacob et al. [10]: n = 2060 records with one con-
tinuous variable (age) and 12 binary history and symptom variables (prior ectopic
pregnancy; prior genital surgery; psychiatric disease; vulvitis; endometriosis; cer-
vical erosion/ectropion; non-inflammatory vaginal disorders; absent/scanty/rare
menstruation; irregular menstruation; vaginal bleeding; mid-cycle pain; dysmen-
orrhoea). The cohort is a matched case–control sample (1030 EP, 1030 controls).
There were 0 missing cells, so no imputation was required. 1488 records share an
identical feature vector; because the predictors are sparse binaries, these are dis-
tinct patients with the same recorded profile and were retained. Continuous and
binary features were standardised using statistics fit on the training partition only.

3.2. Train/test separation
Data were split by stratified sampling into 1442 training and 618 test records.
The test set is held out before any fitting and is used once, for final reporting.
All transformers, the feature selector, every classifier, and the synthetic generator
are fit on training data only. Model selection and calibration use 5-fold stratified
cross-validation within the training partition, with identical folds across models.
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3.3. Synthetic Training Augmentation
Synthetic data were generated solely to increase the diversity of the training set and
were never used for validation or testing. The independent test set was separated
before model development, and all reported results were obtained exclusively from
previously unseen real patient data.

A class-conditional Gaussian copula model was fitted separately for the EP
and non-EP classes using the training partition. Binary variables were generated
by thresholding latent Gaussian variables according to their observed prevalence,
while age was sampled from the fitted Gaussian distribution and truncated to
the clinically plausible range (16–45 years). This approach preserves both feature
prevalence and the dependency structure among predictors.

The quality of the synthetic data was assessed by comparing feature prevalence,
age distribution, and pairwise correlations with the original training data. Finally,
four training strategies – no augmentation, class weighting, SMOTE, and Gaussian
copula augmentation – were compared using identical train/test partitions, with
performance evaluated only on the untouched real-world test set.

3.4. Feature engineering and selection
Feature engineering was performed to investigate whether clinically motivated fea-
ture transformations could improve predictive performance. Four pairwise interac-
tion terms (age × irregular menstruation, prior genital surgery × vaginal bleeding,
prior EP × mid-cycle pain, and psychiatric disease × endometriosis) were selected
a priori based on previously reported clinical associations rather than exhaustive
combinatorial search. This strategy reduces the risk of overfitting while preserving
clinical interpretability.

In addition, two composite count variables and a logistic-regression-derived risk
score were evaluated. The contribution of each engineered feature set was assessed
using 5-fold cross-validated ROC-AUC on the training partition (Table 1). Feature-
selection methods, including ANOVA-F , mutual information, and recursive feature
elimination, were also investigated. Because none of the engineered features consis-
tently improved cross-validated performance, the final models were trained using
the original 13 routine clinical variables.

3.5. Models and evaluation
We evaluate logistic regression (ℓ2), random forest, gradient boosting, SVM (RBF),
a small multilayer perceptron (32–16 units, early stopping), and an unweighted soft-
voting ensemble of the five. On the test set we report accuracy, recall (sensitivity),
precision (PPV), specificity, NPV, F1, balanced accuracy, MCC, ROC-AUC, and
PR-AUC, with percentile bootstrap 95% confidence intervals for AUC. Model com-
parison uses the DeLong test (paired AUCs), McNemar’s test (paired predictions),
and a Friedman test across cross-validation folds. Calibration is assessed by the
reliability curve, Brier score, calibration slope, and calibration intercept; clinical
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utility by decision-curve analysis. Interpretability uses multivariable odds ratios
and SHAP.

4. Results

4.1. Feature analysis
Table 1 reports 5-fold cross-validated AUC for incremental feature sets on the
training partition. Figure 1 visually summarizes the feature engineering and train-
ing strategy experiments. The left panel confirms that neither interaction features,
composite variables, nor the learned risk score improved cross-validated ROC-AUC
compared with the original 13 routine clinical variables. The right panel compares
alternative training strategies evaluated on the independent real-world test set.
Class weighting and SMOTE produced almost identical performance to the base-
line models, whereas Gaussian-copula augmentation resulted in only small model-
dependent changes. These findings indicate that the predictive limitation originates
primarily from the available clinical variables rather than from insufficient sample
size.

Table 1. Cross-validated AUC for incremental feature sets (5-fold,
training partition, logistic regression).

Feature set CV AUC (mean ± SD)
Original 13 features 0.5902 ± 0.0271
+ Interaction terms (f1–f4) 0.5875 ± 0.0262
+ Composite counts (f5–f6) 0.5875 ± 0.0263
+ Learned risk score (f7) 0.5876 ± 0.0263

4.2. Training strategies
Table 2 reports held-out test AUC under four training strategies. Class weighting
and SMOTE produce test AUC close to the unaugmented models, and copula
augmentation produces small, model-dependent differences.

Table 2. Held-out test AUC by training strategy.

Model None Class weight SMOTE Copula aug.
LogisticRegression 0.578 0.578 0.578 0.587
RandomForest 0.597 0.597 0.597 0.595
GradientBoosting 0.600 0.600 0.600 0.590
SVM_RBF 0.605 0.605 0.605 0.605
MLP 0.589 0.589 0.589 0.616
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Figure 1. Feature engineering ablation (left) and training strategy
comparison (right).

4.3. Validation of Synthetic Data Quality
We assessed whether the class-conditional Gaussian-copula generator reproduces
the statistical properties of the real training data. The generator was fit on the
training partition only, and a synthetic replicate of the same size per class was
drawn. Agreement was quantified along three axes: binary feature prevalence,
pairwise correlation structure, and the age distribution.

Feature prevalence. Table 3 compares the prevalence of each binary feature
between the real and synthetic training data, separately for controls and EP cases.
The synthetic marginals closely track the real ones, with a maximum absolute
prevalence error of 2.5 percentage points across all features and classes (Fig. 2).

Table 3. Binary feature prevalence (%) in the real vs. synthetic
training data, by class.

Control EP
Feature Real Synthetic Real Synthetic
Prior ectopic pregnancy 0.4 0.1 10.5 10.4
Prior genital surgery 1.2 1.7 2.9 3.6
Psychiatric disease 2.8 2.4 6.4 7.1
Vulvitis 3.9 3.9 4.4 3.7
Endometriosis 0.6 0.4 1.1 2.2
Cervical erosion/ectropion 3.3 3.7 5.7 6.1
Noninflammatory vaginal disorder 9.3 7.2 14.0 16.5
Absent/scanty menstruation 5.5 3.7 6.2 5.8
Irregular menstruation 6.9 5.7 9.7 11.1
Vaginal bleeding 1.7 1.7 3.5 4.2
Mid-cycle pain 0.1 0.0 0.6 0.7
Dysmenorrhoea 3.3 4.6 5.0 6.0
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Correlation structure. Because interaction-aware modelling requires that fea-
ture co-occurrence be preserved, we compared the pairwise correlation matrices of
the real and synthetic data within each class (Table 4, Fig. 3). The mean absolute
off-diagonal correlation error is 0.055 for controls and 0.066 for EP cases, confirming
that the copula reproduces the observed association structure rather than treating
the features as independent.

Table 4. Agreement between real and synthetic pairwise correla-
tion matrices (off-diagonal elements).

Class Frobenius norm Mean abs. error Max abs. error
control 1.379 0.055 0.315
EP 0.971 0.066 0.233

Age distribution. The continuous age variable was compared using a two-
sample Kolmogorov–Smirnov (KS) test and by matching the first two moments
(Table 5, Fig. 4). Synthetic and real age means agree to within 0.4 years in both
classes, and the KS statistic is small in both cases (D ≤ 0.076), indicating close
distributional agreement.

Table 5. Age distribution: real vs. synthetic (mean ± SD) and
two-sample Kolmogorov–Smirnov test.

Class Real (mean ± SD) Synthetic (mean ± SD) KS D KS p

control 31.30 ± 5.72 30.93 ± 5.95 0.076 0.030
EP 31.84 ± 6.85 31.91 ± 6.47 0.071 0.054

4.4. Predictive performance
Table 6 reports test-set performance. The soft-voting ensemble attains the highest
AUC (0.609; 95% CI [0.563, 0.653]). To illustrate the prediction behaviour of the
best-performing ensemble model, Figure 5 presents the confusion matrix obtained
using the default probability threshold of 0.5. The model correctly identified 244
non-EP cases and 118 EP cases, while misclassifying 65 controls as EP and 191 EP
cases as non-EP. The relatively high number of false negatives reflects the limited
discriminative information contained in routine clinical variables alone.

4.5. Statistical comparison
Pairwise DeLong tests against the ensemble (LogisticRegression p = 0.087, Ran-
domForest p = 0.154, GradientBoosting p = 0.345, SVM_RBF p = 0.764, MLP
p = 0.320) and a Friedman test across cross-validation folds (χ2 = 5.00, p = 0.416;
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Figure 2. Real vs. synthetic feature prevalence (training parti-
tion); the dashed line is the identity.

Figure 3. Pairwise correlation structure for the EP class: real
(left), synthetic (centre), and their difference (right).

Table 6. Test-set performance (n = 618). Best AUC in bold.

Model ROC_AUC PR_AUC Acc. Recall Spec. Prec. F1 Bal.Acc MCC NPV

LogisticRegression 0.578 0.615 0.561 0.298 0.825 0.630 0.404 0.561 0.145 0.540
RandomForest 0.597 0.633 0.578 0.356 0.799 0.640 0.457 0.578 0.173 0.554
GradientBoosting 0.600 0.629 0.573 0.440 0.706 0.599 0.507 0.573 0.151 0.558
SVM_RBF 0.605 0.619 0.573 0.440 0.706 0.599 0.507 0.573 0.151 0.558
MLP 0.589 0.623 0.594 0.366 0.822 0.673 0.474 0.594 0.211 0.564
Ensemble 0.609 0.640 0.586 0.382 0.790 0.645 0.480 0.586 0.188 0.561

McNemar’s test likewise) indicate no statistically significant differences among the
models.
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Figure 4. Age distributions, real vs. synthetic, for controls (left)
and EP cases (right), with two-sample KS statistics.

Figure 5. Confusion matrix of the soft-voting ensemble evaluated
on the independent test set using a probability threshold of 0.5.

4.6. Calibration and clinical utility
The ensemble is well calibrated (Brier score = 0.237, calibration slope = 1.088,
intercept = −0.009; Fig. 7a). Decision-curve analysis (Fig. 7b) shows a positive
net benefit over the “treat all” and “treat none” strategies across clinically plausible
threshold probabilities.

4.7. Interpretability
Multivariable odds ratios (Table 8) and SHAP (Fig. 8) agree that prior ectopic
pregnancy is the dominant predictor (adjusted OR 27.8, 95% CI [8.7, 88.8]), fol-
lowed by psychiatric disease, prior genital surgery, and vaginal bleeding. Age was
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Table 7. 5-fold stratified cross-validation (training partition, iden-
tical folds).

Model AUC (mean ± SD) Accuracy (mean ± SD)
LogisticRegression 0.590 ± 0.027 0.563 ± 0.026
RandomForest 0.621 ± 0.031 0.583 ± 0.034
GradientBoosting 0.601 ± 0.038 0.576 ± 0.025
SVM_RBF 0.598 ± 0.025 0.589 ± 0.017
MLP 0.599 ± 0.029 0.575 ± 0.020
Ensemble 0.608 ± 0.029 0.582 ± 0.026

not significantly associated with EP (p = 0.19), consistent with the source epidemi-
ology [11].

Table 8. Adjusted odds ratios (multivariable logistic regression;
∗p < 0.05). Age is per year.

Feature OR 95% CI p

ectopic_past 27.79 [8.70, 88.78] 0.000∗

Mid-cycle pain 3.16 [0.34, 29.57] 0.313
Genital surgery in the past 2.25 [1.00, 5.05] 0.050
vaginal bleeding 1.94 [0.94, 4.00] 0.074
psychiatric_disease 1.88 [1.07, 3.32] 0.029∗

Dysmenorrhea 1.38 [0.79, 2.40] 0.258
Erosion and ectropion of cervix uteri 1.36 [0.78, 2.39] 0.277
Noninflammatory disorders of vagina, unspecified 1.34 [0.93, 1.94] 0.116
Endometriosis 1.14 [0.30, 4.36] 0.847
irregular menstruation 1.10 [0.72, 1.66] 0.665
age 1.01 [0.99, 1.03] 0.190
Absent, scanty, and rare menstruation 0.92 [0.57, 1.48] 0.742
Vulvitis 0.91 [0.52, 1.59] 0.732

5. Discussion
The proposed framework provides a reproducible and interpretable evaluation of
early ectopic pregnancy (EP) prediction using routinely available clinical variables.
Under strict train/test separation, the best-performing ensemble achieved a test
ROC-AUC of 0.609, indicating that routine demographic, medical history, and
symptom variables alone provide only modest discrimination for early EP.

The ablation study showed that interaction terms and the learned composite
risk score produced no meaningful improvement in predictive performance, sug-
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Figure 6. ROC and precision–recall curves on the test set.

(a) Calibration. (b) Decision curve analysis.

Figure 7. Calibration and clinical utility (best model, test set).

gesting that the original clinical variables already capture most of the available
predictive information. Similarly, Gaussian-copula augmentation preserved the sta-
tistical characteristics of the training data but resulted in only small performance
differences, indicating that limited predictor information rather than sample size
is the principal constraint.

The identified predictors are consistent with previous clinical evidence. Prior
ectopic pregnancy remained the strongest risk factor in both multivariable logistic
regression and SHAP analysis, while previous genital surgery and psychiatric dis-
ease also contributed to prediction. Compared with studies reporting substantially
higher AUC values, the present work relies exclusively on routine clinical variables
and intentionally excludes laboratory biomarkers and ultrasound findings, provid-
ing a realistic estimate of the predictive capability of basic clinical information.
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Figure 8. SHAP feature importance (random forest, test set).
Prior ectopic pregnancy is the dominant contributor.

5.1. Limitations
The study has some limitations. First, the matched case–control cohort does not
reflect the true clinical prevalence of EP, requiring recalibration before deployment
in routine practice. Second, the available predictors exclude important diagnostic
information such as serum β-hCG measurements and ultrasound findings, which
likely explains the modest predictive performance. Finally, although the Gaussian-
copula generator preserved the statistical characteristics of the training data, syn-
thetic samples were used exclusively for training augmentation, while all reported
results were obtained from an independent real-world test set.

6. Conclusion
We presented a reproducible and interpretable machine-learning framework for
early EP risk stratification using 13 routine clinical variables. The results demon-
strate that synthetic data are most appropriately used for training augmentation,
whereas reliable performance assessment should remain based exclusively on in-
dependent real-world patient data. Under strict train/test separation, the best-
performing ensemble achieved a test ROC-AUC of 0.609 (95% CI: 0.563–0.653),
while multivariable logistic regression and SHAP consistently identified prior ec-
topic pregnancy as the strongest predictor. Although predictive performance from
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routine clinical variables alone was modest, the proposed framework provides a
transparent benchmark for early EP prediction and supports future integration of
laboratory biomarkers, imaging data, and prospective external validation.
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Abstract. One of the most significant challenges in modern IT infrastruc-
ture management is maintaining the delicate equilibrium between technical
debt and security integrity. In environments characterized by rapidly evolv-
ing requirements, research and economic priorities often necessitate the de-
ployment of ad-hoc solutions. This process typically results in significant
heterogeneity, where legacy systems and sub-optimally configured endpoints
coexist. The central hypothesis of this research is that the “freshly installed”
state of an operating system – even with a minimal package selection – does
not, in itself, constitute a guarantee of security. This study performs a com-
parative analysis of the security profiles of traditional, monolithic operating
system installations versus modern, Proxmox-based containerized solutions,
with specific regard to the vulnerability lifecycle and the recommendations
of the CIS (Center for Internet Security) and NIST (National Institute of
Standards and Technology).
Keywords: vulnerability management, containerization, operating systems,
security drift, CIS benchmarks, NIST SP 800-53, NIST SP 800-190, CVSS,
SIEM, Wazuh, Linux containers, attack surface reduction, cybersecurity hard-
ening

1. Theoretical Framework and Regulatory
Environment

The theoretical foundation of this study is established upon international cyberse-
curity frameworks that define protection levels through quantifiable and auditable
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parameters. Together, these standards constitute the reference framework against
which a system’s “security drift” – the measurable variance between the required
security baseline and the actual operational state – can be evaluated.

1.1. NIST SP 800-53
NIST Special Publication 800-53, issued by the National Institute of Standards and
Technology, serves as the fundamental security control catalog for federal informa-
tion systems. Two control groups are of paramount importance to our research:

• SI-2 (Flaw Remediation): This control mandates proactive lifecycle manage-
ment in addition to patch deployment. It requires organizations to identify
and remediate software defects within a defined timeframe. In our study, we
evaluated the effectiveness of SI-2 by monitoring the residual risk remaining
in the system following an official minimal ISO installation and the execution
of available updates (via apt update && apt full-upgrade -y) followed by a
mandatory system reboot.

• SC-7 (Boundary Protection): This establishes requirements for logical isola-
tion and service segmentation. It provides the theoretical basis for compar-
ing bare-metal operating systems with containerized environments. While
boundary protection in bare-metal systems often relies solely on external
firewalls, containerization (specifically lxc in our research) implements SC-7
requirements through internal, kernel-level isolation [3].

1.2. NIST SP 800-190
Given that the research is built upon Proxmox and lxc technologies, the NIST
SP 800-190 Application Container Security Guide is also a decisive factor [5]. Ac-
cording to this framework, containerization presents both advantages and disadvan-
tages. A primary advantage is the natural reduction of the attack surface due to the
minimization of user-space content; consequently, containers do not include unnec-
essary drivers and, in most cases, lack redundant background processes. However,
the shared kernel vulnerability poses a significant risk. If an attacker manages to
achieve a “container escape”, the entire host system – including all other containers
– is jeopardized. The vulnerability dynamics examined in this paper specifically
analyze how the rapid redeployability (immutability) of containers serves to offset
these specific risks.

1.3. CIS Benchmarks
While NIST defines high-level security controls, the Center for Internet Security
(CIS) prescribes concrete, technical-level configuration parameters. In applying the
CIS Ubuntu Linux 24.04 LTS STIG Benchmark [1], as well as similar benchmarks
for Debian Linux and Microsoft Windows 11, we examined the systems across more
than 200 audit points aimed at hardening configuration settings. Throughout the
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research, the CIS Compliance Score served as the primary comparative metric
between the various OS variants.

1.4. CVSS
Detected CVEs (Common Vulnerabilities and Exposures) were evaluated not merely
based on quantitative factors but were weighted according to the metrics of the
Common Vulnerability Scoring System (CVSS) [2]. The CVSS v3.1 and v4.0 frame-
works – which remain the most widely accepted standards despite their subjective
elements – categorize the severity of vulnerabilities through a process based on the
measurement of their specific characteristics. Consequently, this system is suitable
for classifying flaws ranging from critical vulnerabilities to low-risk security issues
requiring only local access.

2. Methodology and Data Collection
The methodological structure of this research is based on a quantitative compar-
ative analysis conducted in two successive phases. The first phase involved a ret-
rospective analysis within a controlled university network environment, which was
subsequently expanded in the second phase to encompass real-world market en-
vironments: the infrastructures of commercial enterprises employing more than
50 people. This dual approach enabled the validation of theoretical vulnerability
models under actual operational conditions.

The core of the empirical investigation focused on analyzing the correlation be-
tween system age, software ’freshness,’ and detected critical vulnerabilities (CVEs).
Our hypothesis posits that the default configurations of traditional operating sys-
tems contain redundant services and modules that unnecessarily increase the attack
surface, potentially compounding risk over time (technical debt) compared to min-
imalist containerized environments.

For technical validation, the Wazuh open-source SIEM (Security Information
and Event Management) and XDR (Extended Detection and Response) platform
was utilized [6]. This tool was selected for its integrated capability to manage
security events, configuration audits, and vulnerability detection.

The experimental setup was built on two primary pillars across the evaluated
operating systems:

• Reference Group: Standard monolithic operating system installations (in-
cluding Ubuntu, Debian, and Microsoft Windows 11 Pro) maintained within
Virtual Machine (VM) environments using default, “out-of-the-box” settings.
This represents average system administration practice, where rapid deploy-
ment takes precedence over fine-tuning.

• Test Group: Functionally equivalent Linux Container (LXC) instances (with
the exception of Windows 11 Pro) running within a Proxmox VE environ-
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ment, providing the same network services but benefiting from the isolation
advantages inherent to the containerization layer.

2.1. Experimental Design and Architectural Scope
To ensure methodological clarity, the experimental configurations were subjected to
standardized evaluation criteria. The security telemetry was gathered using Wazuh
agents operating under their out-of-the-box, default scanning schedule configura-
tions to reflect the original, non-customized deployment scenarios. The empirical
observation was conducted over a 3-day window, during which the systems were
evaluated in their initial deployment state, followed by the execution of a complete
update cycle utilizing all available stable packages from official repositories.

The structural comparison involves a deliberate architectural boundary regard-
ing Microsoft Windows 11 Pro. In this study, Windows 11 is evaluated exclu-
sively as a Virtual Machine (VM) environment, without an equivalent Windows-
based container instance. This scoping is mandated by the underlying technical
infrastructure: the Proxmox VE hypervisor utilizes Linux-native kernel features
(namespaces and control groups) to implement LXC (Linux Containers). Because
Windows containerization relies on a fundamentally different container model and
kernel abstraction layer requiring a Microsoft-native ecosystem, its inclusion fell
outside the primary scope of this comparative framework. Therefore, the inclusion
and identical evaluation of Windows 11 Pro (in terms of configuration compliance
and vulnerability metrics) aims to provide a heterogeneous baseline, contextual-
izing the volume and severity of security flaws found within the Linux ecosystem
against a widely deployed alternative enterprise operating system.

2.2. Assessment Parameters and Protocols
During the investigation, both the network and the local scanning protocols were
applied, with particular focus on the following critical metrics:

• Attack Surface (Exposure Surface): We examined not only the number of
open ports but also the versions and necessity of the underlying services. For
instance, we analyzed Level 1 (highly recommended basic security hardening)
and Level 2 (defense-in-depth) recommendations within the CIS Benchmarks,
ensuring that unnecessary and insecure protocols (e.g., telnetd) which pose
immediate security risks were strictly audited.

• Audit of Active Background Processes: We identified services that are not
required for the specific system role but remain part of the default installation
(e.g., avahi-daemon, or Bluetooth server processes in a server environment).

• CVE Detection: Using the Wazuh vulnerability database, we maintained
a real-time inventory of known defects in installed packages, with special
attention to critical-rated vulnerabilities (CVSS > 9.0), such as those that
affect the glibc or OpenSSL libraries [4].

164 Proceedings of the ICAI 2026164 Proceedings of the ICAI 2026164 Proceedings of the ICAI 2026



ICAI 2026 Comparative Analysis of Vulnerability Dynamics. . .

• Hardening Drift: The most significant part of the measurement involved a
comparison based on the CIS Ubuntu Linux 24.04 LTS STIG Benchmark,
which quantifies the extent to which a system’s configuration deviates from
the optimal security baseline.

Data was recorded following the initial installation and the completion of the
first update cycle. The systems involved in the study were:

• Proxmox VE 9.1

• Windows 11 Pro vm

• Ubuntu 24.04.3 vm

• Debian 12 vm

• Debian 13 vm

• Ubuntu 24.04.3 ct

• Debian 12 ct

• Debian 13 ct

3. Results
The data collected during the study suggest patterns aligned with a gradual vulner-
ability accumulation process over time, often described in the literature as security
drift. As system uptime increases, configurations tend to diverge from their initial
secure baseline, while the number of unpatched software vulnerabilities correspond-
ingly increases.

Measurements focusing on configuration compliance (CIS Benchmark results)
show that an out-of-the-box installation satisfies only a subset of the recommended
industry security controls. Table 1 summarizes the CIS compliance indices for the
evaluated environments immediately after system deployment and following the
installation of available updates.

Based on the CIS Benchmark assessment results (Table 1), Ubuntu 24.04 achie-
ved a compliance score of 50% in the virtual machine configuration and 51% in the
lxc container environment, indicating only marginal improvement in the default
hardened state. Debian-based systems demonstrated lower baseline compliance,
ranging from 37% (VM) to 41% (container), while Proxmox VE itself achieved 40

In contrast, Windows 11 Pro exhibited a significantly lower compliance score of
24%, with 358 failed controls compared to 115 passed controls, highlighting a sub-
stantial deviation from CIS-recommended configurations in its default state. This
discrepancy is largely attributable to the fact that a default Windows 11 instal-
lation includes numerous pre-installed consumer-oriented applications (bloatware)
and active telemetry services, which inherently creates a broader attack surface
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Table 1. CIS Benchmark compliance results across evaluated sys-
tems (vm vs lxc environments).

OS / Environment Passed Failed Not appl. Compliance score
Ubuntu 24.04.3 vm 119 118 42 50%
Ubuntu 24.04.3 ct 120 112 47 51%
Debian 12 vm 66 111 30 37%
Debian 12 ct 70 103 34 40%
Debian 13 vm 66 111 30 37%
Debian 13 ct 72 101 34 41%
PVE (Proxmox) 75 110 22 40%
Windows 11 Pro vm 115 358 9 24%

and lower baseline compliance compared to the ’minimal’ installation profile used
for the Linux distributions in this study. A consistent pattern can be observed
across all tested Linux distributions: containerized (lxc) environments achieved
slightly higher compliance scores than their virtual machine counterparts. For ex-
ample, Debian 13 improved from 37% (VM) to 41% (container), while Debian 12
increased from 37% to 40%. Ubuntu 24.04 showed a smaller difference, increasing
from 50% to 51%. Overall, the observed compliance differences between VM and
container environments range between 1–4 percentage points, indicating that while
containerization alone does not ensure high compliance, it provides a consistently
improved baseline.

Table 2. A comparative overview of the vulnerability assessment
results.

OS / Environment Critical High Medium Low
Ubuntu 24.04.3 vm 3 145 337 43
Ubuntu 24.04.3 ct 31 159 193 45
Debian 12 vm 0 192 789 6
Debian 12 ct 0 0 6 0
Debian 13 vm 0 14 58 0
Debian 13 ct 0 3 5 0
PVE (Proxmox) 0 0 8 19
Windows 11 Pro vm 2 212 76 0

During the analysis of software vulnerabilities, defects within installed pack-
ages were identified using the Wazuh SIEM platform. A notable observation is
that containerized environments demonstrated improved outcomes following the
update cycle. While certain container instances initially exhibited a higher num-
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ber of critical vulnerabilities, targeted updates significantly reduced these values.
In particular, Debian-based container instances reached a state where no critical
vulnerabilities were detected by the applied scanning methodology.

The findings suggest that, under the tested conditions, containerized environ-
ments may offer certain security advantages over traditional monolithic system
deployments. Based on the analysis, three primary contributing factors can be
identified:

• Architectural Minimalism (Abstraction Level): container images typically
include only the components required for a given function, reducing the pres-
ence of unnecessary software packages and services. In contrast, general-
purpose operating systems often include a broader set of default components,
which may increase the potential attack surface.

• Logical Isolation: namespace-based isolation and control groups (cgroups)
provide separation between workloads. These mechanisms can limit the im-
pact of a potential compromise and may reduce the likelihood of lateral move-
ment compared to less segmented environments.

• Immutability and Update Strategy: container-based workflows support the
concept of immutable infrastructure, where systems are redeployed from up-
dated images rather than modified in place. This approach can contribute to
maintaining alignment with security baselines and supports practices aligned
with NIST SP 800-53 SI-2 (Flaw Remediation).

• Overall, the results indicate that the security characteristics of a system are
significantly influenced by architectural design choices, particularly in relation
to component minimalism, isolation mechanisms, and update strategies.

4. Conclusion
The findings of this study suggest that vulnerability management should not be
regarded solely as an operational maintenance activity, but rather as a function
strongly influenced by architectural design decisions. The results indicate that
configuration drift and vulnerability accumulation are observable characteristics
of traditionally managed systems, which may be mitigated through alternative de-
ployment models. Within the scope of the examined environments, container-based
approaches demonstrated favorable security characteristics compared to monolithic
system deployments. However, these advantages are context-dependent and rely
on appropriate configuration and operational practices.

Based on the observations, the following strategic considerations can be formu-
lated:

• Modernization Strategy: containerized deployment models may provide a
viable alternative to traditional in-place upgrades of legacy systems. Under
the tested conditions, functionally equivalent lxc containers exhibited fewer
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critical vulnerabilities after the update cycle than comparable virtual machine
instances. This difference appears to be associated with reduced component
complexity and a smaller effective attack surface.

• Hardening by Design: the use of pre-configured and security-hardened tem-
plates can reduce the initial compliance gap observed in default system in-
stallations. Embedding CIS-aligned configurations into deployment artifacts
may support more consistent adherence to security baselines from the outset.

• Immutability and Auditability: adopting immutable infrastructure principles
– where systems are redeployed rather than modified – can improve traceabil-
ity and help maintain alignment with established security controls, including
practices consistent with NIST SP 800-53 SI-2. This approach may reduce
the long-term effects of configuration drift observed in traditionally managed
environments.

At the same time, it is important to emphasize that the security benefits of
containerization are not inherent but depend on correct implementation. Miscon-
figured containers (e.g., excessive privileges or inadequate isolation settings) may
negate these advantages and introduce additional risks.

Finally, this study has several limitations. The results are based on a specific
technological stack (Proxmox VE and lxc), a limited set of operating systems, and
a defined observation window. Consequently, the findings should be interpreted
within this context; given the 3-day observation window, these results reflect im-
mediate post-deployment dynamics rather than long-term risk progression, and
further research is required to evaluate their generalizability.

Future work should extend the analysis to additional containerization platforms
(e.g., Docker, Kubernetes) and include longer observation periods to better char-
acterize vulnerability lifecycle dynamics.

References
[1] Center for Internet Security: CIS Benchmarks: Ubuntu Linux 24.04 LTS STIG Bench-

mark, url: https://www.cisecurity.org/cis-benchmarks (visited on 01/29/2026).
[2] FIRST.org, Inc.: Common Vulnerability Scoring System (CVSS), url: https://www.first

.org/cvss/ (visited on 01/29/2026).
[3] O. Jarkas et al.: A Container Security Survey: Exploits, Attacks, and Defenses, ACM

Computing Surveys 57.7 (2024), doi: 10.1145/3715001.
[4] Jumiaty, B. Soewito: SIEM and Threat Intelligence: Protecting Applications with Wazuh

and TheHive, International Journal of Advanced Computer Science and Applications 15.9
(2024).

[5] National Institute of Standards and Technology: Special Publication 800-190: Applica-
tion Container Security Guide, 2017, url: https://csrc.nist.gov/pubs/sp/800/190/final
(visited on 01/29/2026).

[6] S. Stanković, S. Gajin, R. Petrović: A Review of Wazuh Tool Capabilities for Detecting
Attacks Based on Log Analysis, in: Proceedings of the IX International Conference, 2024.

168 Proceedings of the ICAI 2026168 Proceedings of the ICAI 2026168 Proceedings of the ICAI 2026

https://www.cisecurity.org/cis-benchmarks
https://www.first.org/cvss/
https://www.first.org/cvss/
https://doi.org/10.1145/3715001
https://csrc.nist.gov/pubs/sp/800/190/final


Proceedings of the
13th International Conference on Applied Informatics
Eger, Hungary, February 19–21, 2026
DOI: 10.17048/icai.2026.169
pp. 169–181

Program Patterns in P4 Programs

Zsófia Laczkó, Máté Tejfel

Eötvös Loránd University, ELTE, Budapest
laczkozsofi@student.elte.hu

matej@inf.elte.hu

Abstract. Programming Protocol-independent Packet Processors (P4) [2] is
an open-source domain-specific programming language, which is primarily de-
veloped to describe algorithms that determine the forwarding of network data
packets. In this research we defined and analysed positive (recommended)
and negative (to be avoided) programming patterns in P4 codes. The defined
templates were examined by static methodology. We have implemented an
analyser program for the investigation of the patterns, integrated in P4Query
[7], which is a static analyser tool for P4. Our analyser is able to recognise
certain positive or negative templates, as well as provide feedback to devel-
opers about patterns found in their code. During the research the analyses
that are already in the P4Query tool were utilized, and a new module was
created built on them. Primarily, the syntax tree and the control flow graph
built from the source code was used. The goal of the paper is to reduce the
number of errors in P4 codes and to demonstrate which recurring solutions
support or hinder the correct and effective processing of data packets.
Keywords: P4 language, P4Query, program patterns, static analysis

1. Introduction
Programming Protocol-independent Packet Processors (P4) [2] is an open source
domain-specific programming language, which is primarily designed to implement
algorithms that describe packet processing by different network devices (switches,
network interface cards (NICs), routers, etc.). P4 is increasingly central to the de-
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velopment of programmable data planes, in particular software-defined networking
(SDN) and high-performance network devices.

Specific programming challenges emerge when working with this language. It
has pipeline-based processing model, and target-dependent compilation. P4 is a
flexible language, intended for high-speed processing of numerous packets. For
this reason, there is no well-developed error handling. If an error occurs, the
basic solution is that the P4 program drops the packet, which can be a problem
in particular cases. Lookup tables also introduce challenges, since it cannot be
determined explicitly in advance which action will be executed by the application
of a table. P4 only specifies the list of the available actions and establishes the
schema of the lookup table. The actual table entries are defined externally to the P4
program and can be modified dynamically. For this reason, it is not visible during
development which actions and parameter configurations correspond to given key
values.

Due to these specific challenges, static analysis is notably important for P4
language, in addition to dynamic checks. This motivated our research: the iden-
tification of positive and negative programming patterns in P4 programs, as well
as their automatic detection through static analysis. The positive patterns in-
clude recommended coding styles, best practices and solutions. As for the negative
patterns, coding strategies that seem to work but potentially contain errors or un-
expected behaviour were examined. This category includes examples that indicate
defects only in specific edge cases. In this research, we focused on the specific
scenarios for which the compiler does not alert. Our new analyzer module is able
to locate certain positive or negative templates in P4 programs, as well as inform
developers about the occurrences of these patterns in their code.

This research contributes to the prediction of frequent potential errors through
the static analysis of P4 code, so we can increase the number of issues that can be
identified without running the program. In addition, this study can support work
of developers by emphasising well-functioning strategies.

2. Related work
Several articles address debugging in P4 programs, but mostly using dynamic meth-
ods such as assertions [4]. Birnfeld et al. [1] analyse P4 programs following an
approach similar to the one we used. They examine problems like our negative
patterns, however, they use data flow analysis specifically. This approach is useful
for examining the values of variables within the program. Compared to this, the
syntax tree and control flow graph analysis presented in this study is more effective
for inspecting code structure and possible execution paths.

Although Gulabovska et al. [5] provides tools for analysing a different program-
ming language (Python), the description of its static analysis methodology served
as a basis for our approach. In this paper, this technique was applied for the exam-
ination of patterns. Vera [10] is a tool developed to discover errors in P4 programs,
similar to our analyser module. However, it uses symbolic execution, not static
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analysis. This method requires inputs. Therefore, analysing all possible execution
paths sing this approach is difficult. In P4, the use of lookup tables results in a
large number of potential paths.

The p4v [6] program checks properties of P4 programs using formal methods
and can recognise errors. This approach translates P4 programs into an imperative
language called Guarded Command Language (GCL). The verification process is
then applied to this representation instead of analysing the original program code
directly. The bf4 [3] tool applies both static verification and runtime checks. In
addition, it is able to also modify code to prevent errors. Both this program and
the previously mentioned ones are primarily designed for detecting and correcting
errors. In contrast, this paper also emphasizes positive patterns, thereby providing
constructive feedback to developers.

3. Background

The structure of a P4 program depends on a configuration file called architecture.
This file determines the mandatory elements of a P4 program. Developers can
use custom architectures for their network, however there are some widely used
models. In this research we worked with the V1Model, which is one of the most
used models.

3.1. Code structure and V1Model architecture

In a P4 program1, the first section of the code describes the type definitions and
the headers applied, illustrated in Listing 1.

Listing 1. Definition part.

1 # include <core.p4 >
2 # include <v1model .p4 >
3 ...
4 typedef bit <48 > macAddr_t ;
5 typedef bit <32 > ip4Addr_t ;
6 header ethernet_t {
7 macAddr_t dstAddr ;
8 macAddr_t srcAddr ;
9 bit <16 > etherType ;

10 }

11 header ipv4_t {
12 bit <8> ttl;
13 bit <8> protocol ;
14 bit <16 > hdrChecksum ;
15 ip4Addr_t srcAddr ;
16 ip4Addr_t dstAddr ;
17 ...
18 }
19 ...

The V1Model divides P4 programs into five different blocks, as presented in
Figure 1.

1The example code in this section is from: https://github.com/p4lang/tutorials (basic.p4)
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Figure 1. V1Model.

Listing 2 demonstrates the parser, which is the first block of the V1Model.
This is responsible for packet processing. The program receives a bitstream at the
beginning, from which the parser extracts the packet headers and separates them
into fields for further handling.

Listing 2. Parser.
1 parser MyParser ( packet_in packet , out headers hdr ,
2 inout metadata meta , ... ) {
3 state start { transition parse_ethernet ; }
4 state parse_ethernet {
5 packet . extract (hdr. ethernet );
6 transition select (hdr. ethernet . etherType ) {
7 TYPE_IPV4 : parse_ipv4 ;
8 default : accept ; }
9 }

10 state parse_ipv4 {
11 packet . extract (hdr.ipv4); transition accept ; }
12 }

Listing 3 presents the second block, the ingress pipeline. The majority of the
processing logic for incoming packets is executed here. Primarily lookup tables2

are used to update the values of fields within headers or metadata. When a table is
applied, a lookup is performed based on the specified key fields, and the resulting
match determines an action from those defined in the table declaration. This
selected action is subsequently executed. It is important to emphasize that the
actual table entries are provided outside the P4 program and they can be changed
during runtime.

Listing 3. Ingress pipeline.
1 control MyIngress ( inout headers hdr , inout metadata meta ,
2 inout standard_metadata_t standard_metadata ) {
3 action drop () { mark_to_drop ( standard_metadata ); }
4 action ipv4_forward ( macAddr_t dstAddr , egressSpec_t port) {
5 standard_metadata . egress_spec = port;
6 ... }
7 table ipv4_lpm {

2Detailed description of the tables: https://p4.org/wp-content/uploads/sites/53/2024/1
0/P4-16-spec-v1.2.5.html#sec-tables
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8 key = { hdr.ipv4. dstAddr : lpm; }
9 actions = { ipv4_forward ; drop; NoAction ; } ... }

10 apply { if (hdr.ipv4. isValid ()) { ipv4_lpm . apply (); } else {} }
11 }

After ingress block comes the Traffic Manager, which cannot be programmed
by P4 language, so it is outside the scope of this work.

The next block is the egress block, which is similar to ingress. This block may
be empty; however, it is handled separately since some architectures specify which
operations can appear in the ingress and which in the egress block.

Listing 4 illustrates the final block, which is the deparser. This section assembles
the packet for forwarding.

Listing 4. Deparser.
1 control MyDeparser ( packet_out packet , in headers hdr) {
2 apply { packet .emit(hdr. ethernet ); packet .emit(hdr.ipv4); }
3 }

3.2. P4Query
Our new module is integrated in P4Query [7], which is a static analyser tool for P4.
It can map a P4 program code onto a graph applying the Gremlin graph description
language [9]. Gremlin is a graph traversal and graph query framework that can
be used for example from the Java programming language. P4Query tool contains
different analyses that result in an internal graph representation. With the graph
we are able to process the code from different perspectives. Each analysis can rely
on previously generated results, which are also integrated in the representation
graphs (mainly by adding new edges to the graph), illustrated in Figure 2. This
approach allows the execution of different analysers sequentially according to a
dependency chain. The tool makes possible to examine for instance a syntax tree,
a symbol table or a control flow graph.

Figure 2. Analyses in P4Query.
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4. Patterns
In the first part of this research recurring code patterns and programming styles
were identified in P4 programs. The collected patterns were classified into two main
categories: positive (recommended) and negative (to be avoided) samples. Posi-
tive patterns represent widely adopted implementation approaches that contribute
to code readability, maintainability, and reliable program execution. Conversely,
negative patterns introduce potential errors or ineffective code fragments.

Highlighting positive patterns provides inspection into the degree to how devel-
opers follow the conventions and best practices. The resulting feedback can support
the improvement of the development team. Moreover, positive reinforcement and
recognition have a motivating effect on developers. In contrast, the identification
of negative patterns serves to warn developers about potential issues and risks.

During the examination of patterns, the specification of the programming lan-
guage [8] was used, as well as the P4C compiler, which is the official reference
compiler for the P4 language. Potentially incorrect code samples were collected
and then analysed to determine in which cases problems are reported during com-
pilation, either in the form of an error or a warning. Although this collection
of patterns includes cases for which the compiler provides warnings, we mainly
concentrated on those that are not detected.

The collection was not intended to cover the entire documentation. Instead, it
serves as an illustrative set of examples for the analyser module. It can be further
extended through the study of real-world code bases and examine other language
constructions.

4.1. Positive patterns
Pattern 4.1.1. Headers have to be used with valid status with all their fields
properly assigned values.

In P4, every header structure contains a hidden field, which has Boolean type.
When its value is true, the header is considered valid. Fundamentally, the compiler
issues a warning if the status of a header is set to invalid and then one of its fields
is attempted to be used. However, if a header has been set to invalid status, and
then to valid status, then values have to be assigned to its fields before being used.
In this case the compiler does not issue a warning.

Pattern 4.1.2. Widely known header types should be used according to the con-
ventional or standard practice.

In P4 programs, header types are defined by the programmer at the beginning
of the source code. When a type is declared with the name of a well-known header,
such as IPv4, its field names and field lengths should follow the conventional struc-
ture of that header for improving code clarity. Further examples of well-known
header types are IPv6, TCP, UDP and Ethernet.

Pattern 4.1.3. Define a variable only if it did not previously exist and refer to it
only if it has already been defined and initialized.
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This can be verified based on the control flow analysis. In the case of local
variables, the compiler typically indicates the problem, at least in the form of
a warning. Regarding metadata fields, special attention should be paid to their
initialization and first usage.

Pattern 4.1.4. Define variables only with permitted lengths (for instance, bit<1>,
bit<8>, . . . ).

Different architectures and targets may support only specific sizes. As an ex-
ample, some targets are able to handle only byte-wide (8-bit) variables well.

Pattern 4.1.5. In the deparse part, it is recommended to explicitly determine the
order of appending data to the output packet.

There are several ways to define headers for deparsing. The simplest option is to
specify the headers name explicitly. In this case, the sequence of the instructions
clearly determines the order of the appending. The situation is more complex
when a struct containing the headers is deparsed. In such cases, the append order
is implicitly defined by the type declaration of the struct. It is also possible to
deparse a header stack, in which scenario the elements are processed sequentially
according to their increasing indices. In this instance the order does not appear
explicitly. The implicit sequence does not automatically result in an error; however,
it demands careful attention in every case.

4.2. Negative patterns
Code may contain unnecessary parts, including both syntactically observable ones
and those that become superfluous during program execution.

Pattern 4.2.1. Writing unused variables, declarations (e.g. with typedef key-
word), formal parameter, states.

Pattern 4.2.2. Unreachable code segments, like code after a return statement.

Pattern 4.2.3. Setting a header as valid when it has already a valid status.

Pattern 4.2.4. The deparser processes an invalid header.
In the deparser block, the appending of the data from the header is performed

using the emit method. When it receives an invalid header as parameter, no action
is taken. This is not necessarily incorrect code. It enables a simplified programming
approach when the presence of a header is optional. However, it can easily lead to
an error and is therefore reported.

Issues can occur in relation to the usage of variables, depending on the values
assigned to them.

Pattern 4.2.5. Variable overflow and type conversions can cause errors.

For example, the following operations may occur an error [8]:
• int<W> ←→ bit<W>

Issues can occur when converting between positive and negative numbers.
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• bit<W> −→ bit<X>, int<W> −→ int<X>
It truncates the value when W > X.

• int −→ bit<W>, int −→ int<W>
Value can be truncated, overflow may occur, converting between positive and
negative numbers can be incorrect. (For the last two cases, the compiler
provides warnings as well.)

Pattern 4.2.6. Reading a field of a header without previously manually setting
values to that field or parsing the header [1]. This results in an unspecified value.

A specific instance of this pattern is when a packet lacking an IPv4 header is
handled by the ipv4_lpm table [1]. In this case, a header field would be used as a
key which has not been parsed.

The following two patterns do not primarily cause errors. Instead, they are
related to code maintainability and the appropriate use of language constructs.
Pattern 4.2.7. Repetition of larger code segments.
Pattern 4.2.8. Writing a select statement without a default case.

5. Analyser module
In order to facilitate development process, a new analyser program3 was devel-
oped to automatically locate the collected patterns in P4 codes. Static analysis
was used to achieve this, since it enables the examination of program behaviour
without executing the code and the identification of the potential issues directly
from the program structure. For the detection of the patterns, the syntax tree and
the control flow graph (CFG) have to be examined. The new analyser module is
integrated into P4Query tool, as it is able to provide an internal graph representa-
tion which contains the syntax tree together with the associated control-flow edges.
This complex internal graph representation contains information derived from both
the syntax tree and the control-flow analysis. This data was adequate for the cur-
rently implemented examinations. However, other analyses available in P4Query
can also be utilized if further information is needed during future development.

The implementation includes several distinct analyser classes, which receive this
graph representation as an input parameter. Each class is responsible for detecting
one or more interconnected patterns. The Gremlin graph traversal language was
primarily used for the analysis.

Table 1 contains which class is responsible for detecting which pattern. As
shown in the table, the analyser is currently not able to identify all patterns. Some
of the missing patterns cannot be examined using the static analysis approach
applied in this work. For instance, Pattern 4.1.4 requires information about the
current target architecture. Other omitted samples can be implemented in the
future to extend the module. If the detection of a new pattern is required, the
implementation can be extended easily by creating a new analyser class.

3The code is accessible from https://github.com/laczkozsofi/PatternAnalysisInP4
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Table 1. Patterns related to analyser classes.

Analyser class Connected pattern
Status of headers 4.1.1, 4.1.5, 4.2.3, 4.2.4, 4.2.6
Select statement 4.2.8
Return statement 4.2.2
Known headers 4.1.2

In the implementation every possible execution path is analysed based on the
control flow graph. As a result, all occurrences of the analysed patterns are iden-
tified from the code. The purpose of highlighting potential errors is not to assert
that a program will definitely behave incorrectly, but rather serves a warning about
potential issues that developers should consider. As a consequence of the platform-
dependent nature of the P4 language, many types of information are not available
from the source code alone. In addition, frequent use of lookup tables makes analy-
sis more difficult, since it is not visible which actions will be executed. Because the
actual table entries are not defined in the P4 code, the module has to consider all
possible actions. This may cause false positive warnings, for which static analysis
cannot offer more detailed information.

As an outcome of the analyses of the classes, a report is generated, which de-
livers warnings to developers about possible issues and about the found patterns.
Based on the results of the examination, feedback number is provided to develop-
ers. It is calculated by assigning negative scores to each found undesirable patterns
and positive scores to recommended ones. Different templates contribute to the
total score with different weights. Currently one total score is calculated. However,
for more transparent feedback, the value derived from positive patterns could be
reported separately from the negative score. It would emphasize better the warn-
ings for potential issues. Nevertheless, the report already displays the individual
scores for each entry.

5.1. Example: Status of headers analysis
For instance, in the context of the Status of headers pattern the module examines
valid or invalid status of headers during the execution of the P4 code. Additionally,
it verifies whether the valid status of a header really guarantees that all the fields
have been assigned values. Our analysis also attends to what happens with a
header during parsing and deparsing, as well as when its status is set directly by
the setValid or setInvalid methods. The program issues a warning if a field
has not been assigned value when it is used or a header is unnecessarily marked as
valid. In addition, developers get a report about the deparser block. It contains
the expected status of the headers to be deparsed, as well as a list of fields that
may not have assigned values.
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Listing 5. Ingress block with potential error.
1 control MyIngress (...) {
2 ...
3 action ipv4_forward ( macAddr_t dstAddr , egressSpec_t port) {
4 standard_metadata . egress_spec = port;

5 hdr. ethernet . srcAddr = hdr.ethernet.dstAddr;

6 hdr. ethernet . dstAddr = dstAddr ;
7 hdr.ipv4.ttl = hdr.ipv4.ttl - 1;
8 }
9

10 table ipv4_lpm {
11 key = { hdr.ipv4. dstAddr : lpm; }
12 actions = { ipv4_forward ; drop; NoAction ; }
13 size = 1024;
14 default_action = drop ();
15 }
16
17 apply {
18 if (hdr.ipv4. totalLen == 5) {
19 meta. egress_spec = 1;

20 hdr.ethernet.setInvalid();

21 } else {
22 meta. egress_spec = 2;
23 }

24 hdr.ethernet.setValid();

25
26 if (hdr.ipv4. isValid ()) {

27 ipv4_lpm.apply();

28 } else {}
29 }
30 }

The ipv4_lpm table is applied in the code section presented in Listing 5, in
the yellow-boxed line. It has three actions (declared in line 12), and it cannot
be determined in advance which one will be performed. During execution, the
apply block may follow the true branch of the first if statement, marking the
Ethernet header as invalid (highlighted in blue). Next, when the ipv4_lpm table
is applied, an action is selected depending on the concrete table entries. Assume
that action ipv4_forward is executed. The destination address field (dstAddr) in
line 5, highlighted in red would be used without a value, because even though the
status of header is reset to valid (in line 24, highlighted in green), its fields have
not been assigned any values. Our analyser module provides a warning in this case,
presented in Figure 3.

Figure 3. Output of Status of headers analysis.
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5.2. Example: Implementation of an analyser class
To demonstrate the implementation of the analysers, the class connected to the sta-
tus of headers is briefly introduced. The operation of the analyser class connected
to header status examination can be divided into six main steps.

1. The first step is to collect the header types used in the program based on the
declarations located at the beginning of the code.

2. The next step is to construct an object for tracking the current status of
the headers. This object is continuously updated during the analysis of the
execution paths.

3. As the third step, the parser block is analysed to identify the headers that
can be parsed during packet processing.

4. The execution paths to be analysed are constructed according to the V1Model
architecture. The paths are built from the vertices of the representation
graph.

5. The main phase of the analysis is the examination of the controls (the blocks
present in the V1Model). For every node, the module checks whether any
headers or header fields are accessed and whether the status of any header is
modified.

6. The last step is the examination of the deparser block. During this step, the
status of all headers to be deparsed is determined and written to the report.
Furthermore, for each header, the report contains a list of fields that are not
guaranteed to have assigned values.

The implementation of these phases requires numerous Gremlin queries. To demon-
strate this process, the first stage is presented in the following. This step is the
collection of the header types. According to the language syntax4 this operation
starts with a Gremlin traversal that selects all HeaderTypeDeclarationContext
nodes. From these nodes, the header name can be accessed via the NameContext
child node, and the field names are reached through the StructFieldListContext
child node.

Listing 6. Collection of the header types.
1 List <Object > headerTypeDeclarations =
2 g.V().has(" class ", " TypeDeclarationContext ")
3 .out ().has(" class ", " DerivedTypeDeclarationContext ")
4 .out ().has(" class ", " HeaderTypeDeclarationContext ")
5 . values (" nodeId "). toList ();
6
7 for ( Object decl : headerTypeDeclarations ) {
8 List <Object > headerName = g.V().has(" nodeId ", decl)
9 .out ().has(" class ", " NameContext ")

10 . repeat (__.out ()). until (__.not(__.out ()))

4https://p4.org/wp-content/uploads/sites/53/2024/10/P4-16-spec-v1.2.5.html#sec-h
eader-types
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11 . values (" value "). toList ();
12
13 List <Object > headerFieldsNames = g.V().has(" nodeId ", decl)
14 .out ().has(" class ", " StructFieldListContext ")
15 . repeat (__.outE("syn").inV ())
16 .emit (). dedup ().has(" class ", " NameContext ")
17 . repeat (__.out ()). until (__.not(__.out ()))
18 . values (" value "). toList ();
19 ...
20 }

Listing 6 illustrates the Gremlin queries needed for this traversal. At the beginning,
the nodes representing header declarations are selected, which are then processed
in a for loop. In the first query, the process begins by locating the current header
declaration node, and the traversal continues to the node that determines the name.
From there, the value attribute of the reachable leaf node contains the required
information. The second query follows a similar approach, except that it moves to
the node declaring the list of fields instead of the name node. It selects all nodes
representing field names. The necessary data is likewise contained in the reachable
leaf nodes.

6. Conclusion and Future Work
The main purpose of the study is to uncover frequently occurring programming
patterns in P4 programs using static analysis, including both positive and nega-
tive aspects. On one hand, the collection of recommended patterns supports the
creation of more maintainable and effective P4 programs, as well as facilitating the
work of developers. On the other hand, recognizing negative patterns allows for
the early detection of potential problems without program execution. This reduces
the complexity of later testing activities using other approaches.

Our analysis identified 5 positive and 8 negative patterns in P4 programs. The
implemented static analyser successfully detects some of these patterns, highlight-
ing common mistakes and best practices in P4 coding, as well as providing feedback
for developers about found patterns in their code.

In future work, our plan is to expand the collection of identified P4 patterns,
including both new positive and negative examples. In addition, our goal is to im-
prove the implemented analyser module so it can recognize more and more patterns
automatically, further supporting code quality and correctness. Further research
could explore whether there is a demonstrable relationship between the patterns
and code quality.

Our research group is currently conducting research on using LLMs (Large
Language Models) for refactoring P4 codes. If this approach is successful, it may
also be applied to error detection similar to the analyser presented in this paper.
A limiting factor in this type of research is that P4 is not a widely used language,
and therefore only a limited number of examples are available.
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Abstract. Building upon the theoretical framework established by Czyzow-
icz et al. [3, 4], this study investigates the problem of constructing a nest from
a set of bricks arranged in a two-dimensional grid by a robot modeled as a
deterministic finite automaton. The subgraph of the grid induced by cells
containing bricks is called the shape, which is initially connected. The span
of the shape is defined as the Manhattan distance between its furthest cells.
The robot starts at a cell with a brick. At each step, it can pick up a brick
from its current cell if the current cell contains a brick, move to an adjacent
cell, and drop a brick at an empty cell. The task of the robot is to reorga-
nize the initial shape into the most compact shape – called the nest – with
minimum possible span. In [3, 4] a finite automaton has been designed that
accomplishes this task in O(s ·n) time, where s is the span of the initial shape
and n is the number of bricks. This running time is asymptotically optimal
in the worst case. However, the original work omits some implementation
details, and a straight-forward implementation results in inefficient runtime.

We present two algorithmic refinements of the original procedures and
evaluate their performance using our interactive Java-based environment, the
NestBuilder simulator, which facilitates visualization and enables comprehen-
sive evaluation. Experimental results show a significant reduction in move-
ment overhead while preserving the theoretical worst-case guarantees of the
original algorithm.
Keywords: Mobile robots, Nest building, Finite automaton
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1. Introduction
The study of mobile autonomous robot with limited sensing and memory represents
a rapidly advancing field in distributed systems, particularly regarding the design
of effective algorithms that function without centralized control, prior environmen-
tal knowledge, or extensive data storage, leveraging local sensory data for decision-
making. Such decentralized system can provide significant advantages in scalability,
cost-effectiveness, and fault tolerance, making them indispensable for the robust
execution of construction tasks where a simple agents must systematically gather
and reorganize passive objects into predefined or compact shape geometries under
strict localized sensing and memory constraints. A core requirement for these algo-
rithms is the rigorous preservation of structural connectivity throughout the entire
process. The practical implications of such tasks are vast, ranging from operations
in unfavorable or inaccessible environments like in microscopic environments [1,
10], industrial logistics for hazardous material decontamination, and autonomous
outer space assembly [2, 11]. Prior research has extensively investigated the re-
configuration of connected initial configurations on a grid using robots modeled as
deterministic finite automata in [5–9, 12].

Czyzowicz et al. [4] showed that a deterministic finite automaton can organize
an initially connected shape of bricks in the two-dimensional grid into a compact
shape, called a nest, in O(s · n) time, where s is the span of the initial shape and
n is the number of bricks, i.e. the Manhattan distance between the furthest cells
in the shape. They also showed that this running time is asymptotically worst-
case optimal. Despite the proven asymptotic optimality, there is a significant gap
between the theoretical bound and the empirical performance. Many implementa-
tion details were omitted in the original work for simplicity, and a straight-forward
implementation results in inefficient runtime.

This paper addresses these challenges by introducing the following:

• The NestBuilder simulator, an interactive Java-based environment for visu-
alization and running rigorous evaluations, and additionally a Unity-based
graphical player dedicated to visualization only.

• We propose two refinements of the original algorithm.

– First, the Optimized Rough Disc Extension method, which is an im-
provement of the original extension procedure, which utilizes a localized
geometric property to identify the next placement position of a new
brick on the boundary of the shape.

– Second, the Distance-Aware Sweep method, which is an improvement of
the original sweeping procedure that separates the constructed nest from
other bricks. Instead of checking O(

√
n) cells of the entire boundary of

the nest after adding a new brick, our method only needs to check O(1)
cells.
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• Experimental evaluation across 100 randomly generated initial configurations
indicates that these enhancements yield an improvement of 18.75% in expan-
sion and a 92% in sweeping procedures.

2. Model and Algorithmic Framework
Adopting the formal model and terminology by Czyzowicz et al. [4], the problem is
defined within an infinite oriented Z×Z grid, represented as a set of unit square cells
in the two-dimensional plane, with all cell sides vertical or horizontal. Each cell has
4 adjacent cells, North, East, South, and West of it. A cell is either full, i.e. contains
a single brick, or empty. For any two cells c = (x, y) and c′ = (x′, y′), the distance
d(c, c′) is defined as the Manhattan distance (L1 distance) d(c, c′) = |x−x′|+|y−y′|.
The subgraph of the grid induced by full cells is initially connected. The subgraph
induced by the full cells is called the current shape. The Manhattan distance
between the furthest cells of the shape is called its span s.

We are given a mobile robot starting in an arbitrary cell of the initial shape.
The robot has no knowledge about the shape, of its size or its span. At each step, it
can pick up a brick from its current cell (if it does not carry any brick at this time),
move to an adjacent cell, and it can drop a brick at the current cell if it carries a
brick and the cell is empty. The robot’s objective is to rearrange the initial shape
into a nest. The nest is a disc or a rough disc, see subsection 3.2 for details. A nest
of size n is a shape that has the minimum span among all shapes of size n. While
the grid is theoretically infinite, the operational area of the robot is limited by the
initial configuration. Given that the algorithm operates through searching for a
suitable brick and extending the nest with that brick, the robot remains within a
limited distance of the initial shape.

In [4], the robot knows whether each cell at distance at most r = 8 from its
current cell is full or empty. During the nest building, the robot maintains a special,
one-cell component M , called the marker. The robot also maintains a swept region
around the nest. This region is a gap where all cells within a distance of 7 from
the nest are empty except for the cell of the marker. The marker signals the robot
that it got back in the vicinity of the rough disc. Using the marker allows the robot
to avoid storing the nest’s coordinates. During the execution of the nest building
algorithm, the robot does not ensure that the full cells outside of the rough disc
and of the marker form one component. Any component that is different from
the rough disc and from the marker is called a free component. The robot must
identify and retrieve a free brick, which is defined as a brick of a free component
whose removal does not disconnect that component.

The robot is formally modeled as a deterministic automaton. It may remember
a constant number of bits by encoding them in its states (see [4] for a detailed
description). The high-level idea of the nest building algorithm is the following.

First, the robot performs some preprocessing by establishing the marker, the
initial rough disc, and the swept region. Then it performs the main loop. In each
iteration, the robot performs three procedures:
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1. FindNextBrick: Finding the next free brick b in a free component. This
procedure is not discussed in this article; see [4] for details.

2. ReturnToMarker: Returns to the marker with b. See [4] for details.

3. ExtendRoughDisc: Extending the rough disc with b and by calling Sweep,
restoring the property that there are no full cells within a Manhattan distance
of 7 from the rough disc, except for the marker. See subsection 3.2 and
subsection 3.3 for details and improvements.

The authors show that this algorithm can be implemented with a finite-state
robot that builds a nest in O(s · n) time steps.

3. Implementation and Practical Refinements

While the original algorithm proposed by Czyzowicz et al. [4] provides a worst-case
optimal complexity of O(s · n), the authors noted that many specific implemen-
tation details were omitted for the sake of simplicity. Our work bridges this gap
by developing a functional simulator and introducing refinements that improve
the performance without sacrificing the theoretical guarantees of the finite-state
automaton model.

3.1. The NestBuilder Simulator
To evaluate the construction algorithm, we developed the NestBuilder simulator
using the Java programming language. A primary challenge in simulating a robot
navigating an infinite grid Z × Z is the management of memory and coordinates.
Our environment manages this infinite grid through a dynamic n × n collection
that expands elastically as the robot moves further away from the origin.

Furthermore, to ensure rigorous stress-testing of the robot’s ability to recover
connectivity, we utilize Kruskal’s algorithm with randomly generated weights dur-
ing the setup phase. This allows us to generate complex, randomized, yet initially
connected starting shapes of size z, ensuring the robot must navigate a challenging
configuration of bricks to gather all the bricks into a nest.

Beyond the core Java-based simulation engine, this research incorporates a sup-
plementary visualization environment developed in Unity. While the Java simulator
is primarily used to execute the algorithm and generate statistical data, the Unity
environment serves as a specialized tool for visualising and replaying pre-recorded
simulation sequences. The program is deployed via WebGL, which provides an extra
perspective on the robot’s movement and the creation of the nest. The architecture
of this visualization tool is built upon a modular simulation framework previously
developed and published by us [13], which was specifically designed for modeling
autonomous agent behaviors and construction tasks in grid-based environments.
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3.2. Optimized Rough Disc Extension
A disc D of radius r ≥ 0 centered at c is defined as the set of cells whose distance
from c is at most r. The set of cells of D that are at a distance of i, 0 ≤ i ≤ r from
c is called the i-th layer of D. A disc of radius r ≥ 0 contains nr = 1 + 4 · ∑︁r

i=1 i =
2r2 + 2r + 1 cells and has a span 2r. When the total number of bricks n satisfies
nr < n < nr+1, the structure is classified as a rough disc. This structure is formed
by extending D with a set of cells F of n − nr bricks, which are placed in the set of
cells adjacent to D starting at the northern neighbor of the easternmost cell and
proceeding counterclockwise. Let R be a connected shape formed by the full cells.
The boundary ∂R of R is defined as the set of cells of R that are adjacent to at
least one empty cell.

(a)

E

S

(b)

S

E

P O

N

Figure 1. Visual representation of the localized geometric heuristic
used to identify the target placement position for new bricks. (a)
Disc: The robot identifies the easternmost cell (E) and checks its
northern neighbor (S); if S is empty, the nest is recognized as a
completed disc, and a new layer begins at S. (b) Rough Disc: For
an incomplete layer, the robot identifies the connected pair of bricks
P (the previously placed brick) and O (the brick to which the new
one will connect) on the boundary to locate the target placement

position (N).

In [4], in the original ExtendRoughDisc procedure, the robot remembers in
its state whether the current nest is a disc or a rough disc. Adding a brick to a disc,
it walks to the starting position S of a new layer, which is defined as the northern
neighbor of the easternmost cell E of the nest. For a rough disc, it is required
to perform a traversal along the boundary ∂R to find the correct location for the
brick. The time required for this operation is the size of the boundary of a rough
disc, which is O(

√
n), which is O(s).

The original work provides limited specification regarding the precise localiza-
tion of the placement position. We provide a method to identify this position based
on a simple geometric property of the boundary of the nest. During a counterclock-
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wise traversal of the nest, the robot evaluates the connectivity of the bricks on the
boundary ∂R. This approach makes it unnecessary to remember whether the nest
is a disc or a rough disc.

• When the robot reaches the easternmost cell E of the nest, determinable dur-
ing counterclockwise traversal, when the next ∂R brick would have increased
y but non-increased x coordinate. The robot checks the northern neighbor
cell S of E. If S is an empty cell, then the robot recognizes the nest as a disc
and starts a new layer at the position S.

• Otherwise, the nest is a rough disc. Then there are exactly two positions
where bricks of ∂R are connected to each other (the cells share a common
side). One occurs at the starting location S, and its southern neighbor E.
The other is at P (the previously placed brick of set ∂R) and its neighbor
O. Let N be the empty cell (where the next brick will be placed) adjacent
to O, such that N is on the right side of −−→

PO. Note that P = S or O = E are
possible. If P = S then we started a new layer with the previous brick. If
O = E then we complete a disc layer after placing the brick at N . The pairs
E, S and P, O of bricks on the boundary of the nest are identified during
the boundary traversal by moving on top of the bricks. When the robot
encounters a connected pair, it checks whether it corresponds to the starting
position S, E. If so, the robot continues traversing until it finds the pair P, O.
Otherwise, the pair P, O is localized.

3.3. Distance-Aware Sweeping
The Sweep procedure maintains the gap invariant: it ensures that all bricks be-
longing to a free component C are at a Manhattan distance of at least 7 from the
rough disc D. In [4], the original algorithm maintains the gap by requiring the
robot to perform a full counterclockwise traversal of the boundary of the nest after
every brick placement, checking every cell c /∈ D ∪ M (M is the marker) within a
radius of 7 from its current position.

Our optimization is based on the geometric properties of the free components.
Let D be the current nest, which is a rough disc. For D, the region D+7 is defined
by a Manhattan distance of ≤ 7 from D. D+7 \D forms a swept region, which must
not contain any bricks. Upon extending the nest by placing a new brick at the cell b,
new cells will be included in the swept region, which might contain bricks that have
to be relocated. Mathematically, if the nest is extended to D′ = D ∪ {b}, then the
new distance from any cell c to the nest is defined as d(c, D′) = min(d(c, D), d(c, b)).
This implies that the invariant d(c, D′) > 7, for any brick c ̸∈ D′, can only be
violated if d(c, b) ≤ 7. All such bricks are visible from b. This means that it is
sufficient to check a constant number of cells around b instead of traversing the
whole boundary for maintaining the invariant. This significantly reduces the time
for each sweep operation.
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(a) (b)

b

(c)

b

Figure 2. Illustration of the optimized sweeping process, which
maintains the gap around nest D, such that d(c, D) > 7 for any
brick c ̸∈ D. (a) The initial nest is surrounded by a swept region
where no bricks are permitted. (b) and (c) The nest is extended by
placing a new brick at the cell b. Only a constant number of cells
(indicated by dots) need to be checked to see whether they contain

bricks.

When a new brick is placed at b, only cells c with d(c, b) = 7 need to be checked
to see if they contain a brick, since any brick which is not in D is of a distance at
least 8 from D before extending the nest with b.

4. Experimental Evaluation and Conclusion

To empirically validate the proposed optimizations, we conducted a series of sys-
tematic tests using the NestBuilder simulator across a diverse range of initially con-
nected fields. The experimental setup involved 100 randomly generated connected
configurations, where starting shapes were generated via Kruskal’s algorithm with
randomized weights to facilitate a rigorous stress test of the ability of the robot
to navigate complex configurations while maintaining connectivity. To ensure that
our results are independent of the specific shape and scale of the initial configura-
tion, we evaluated several types of initial shapes (tree, line, spiral) within a grid
of three sizes: 10, 20, and 40. The total number of bricks varied depending on the
types of the shapes. For sparse configurations, such as tree and line, the number
of bricks ranged from 21 to 47 for the 10 × 10 grid, from 48 to 95 for the 20 × 20
grid, and from 111 to 165 for the 40 × 40 grid. The dense spiral (more precisely, an
Archimedean spiral according to the L∞ metric, consisting of vertical and horizon-
tal line segments, with a line width of 1 and a gap between the lines of 1) contained
55, 231, and 861 bricks in the corresponding grids. The data presented reflect the
average performance of all experimental runs.
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4.1. Evaluation of Optimized Rough Disc Extension
The algorithm described in subsection 3.2 was tested against the original boundary-
traversal method in [4].

Our method achieved an improvement of 18.75% in the number of steps during
the nest extension phase, see Figure 3a. Specifically, the average number of move-
ments in the ExtendRoughDisc procedure was reduced from an average of 48 to
an average 39 steps.

4.2. Evaluation of Distance-Aware Sweeping
The Distance-Aware Sweeping method provided the most substantial performance
improvement by utilizing the geometric property that the swept region around the
nest D is only affected by the cell b, where the new brick is placed. While the
original algorithm in [4] required a full boundary traversal of the nest D, which
takes O(n) steps, and checking the cells within a distance of 7 cells in every step
of the boundary traversal, our method only needs to check O(1) cells around the
new brick placed at b.

This improvement resulted in a massive 92% reduction in the number of steps,
see Figure 3b. In the sweep phase, the average number of movement steps decreased
from an average of 1082 steps to an average of 83. This result shows that our
approach effectively eliminates redundant examination of cells that could not have
changed since the last iteration.

Reduction 18.75%

Original Optimized
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40

48

39

N
o.

of
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ep
s

Steps in extend nest phase

(a) Comparative analysis of movement
efficiency between the original traversal
method and our Rough Disc Extension
procedure. Our approach achieves an
18.75% reduction in the number of move-
ments required for the ExtendRoughDisc
procedure (from an average of 48 move-

ments to an average 39).

Reduction 92%
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(b) Comparative analysis of movement ef-
ficiency of the original sweeping method
and the Distance-Aware Sweeping method.
Our approach achieves a 92% reduction in
the number of steps required during Sweep
procedure (from an average 1082 steps to

83.)

Figure 3. Experimental Evaluation.

5. Conclusion and Future Work
This work presents empirical practical improvements of the algorithm by Czyzowicz
et al. [4] for the construction of a nest by an autonomous robot modeled as a finite
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automaton. The original algorithm has a running time of O(s · n), which has been
shown to be asymptotically optimal for this model. Through the development of
the NestBuilder simulator and modifications of the original algorithm, we have
demonstrated that significant improvements can be achieved in runtime without
sacrificing the memory requirements of a deterministic finite automaton.

Future research:

• Target Structure Diversity: We aim to characterize which other classes
of target shapes can be built starting from any connected shape.

• Parallelization Challenges: The model is highly effective for single-robot
nest construction, but has a high limitation for the marker-based system for
multi-robot coordination. It is a challenging task to develop algorithms for
multiple robots that enable collaborative nest building without destroying
the connectivity of the free components.
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Abstract. In this work we present a GPS measurement and visualization
system that enables real-time tracking, saving, and analysis of measurement
data. We performed measurements using a u-blox GNSS receiver (Global
Navigation Satellite System) module connected to a Raspberry Pi 5 micro-
computer, to determine whether the out-of-the-box solution can be used for
high precision GPS positioning that usually means centimeter level in RTK
(Real-Time Kinematic) applications. Besides using the built-in RTK cor-
rection of the module we have also applied our own algorithm to further
increase accuracy based on repeated measurements. Our test measurements
showed that by the use of our algorithm in an optimal setup positioning pre-
cision can be increased up to 2-3 cm. We provided a modular user interface
for the device supporting graphical visualization, database management and
point separation. Based on repeated measurements, the system reproduces
the coordinates of measurement locations. Overall, the software assists in
handling GPS data and analyzing information collected during experiments.
The primary goal is to maximize measurement accuracy and simplify the
experimental workflow.
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1. Introduction
Real-Time Kinematic (RTK) high precision positioning is widely used in several
practical areas [6, 10]. However, its current applications are not viable for low-cost
home usage. As a result, its applications focus more on high level agricultural usage.
As correction data becomes increasingly accessible, everyday usage of high-precision
positioning becomes available. Recently, collaborative low-cost RTK networks such
as the Centipede-RTK network have gained attention in the research community
[9]. These networks consist of distributed low-cost GNSS base stations providing
open RTK correction data and enabling centimeter-level positioning for a wide
range of applications. Previous studies investigated the reliability of low-cost GNSS
receivers using the Centipede network and demonstrated that such systems can be
suitable for land surveying and scientific applications.

The rapid development of low-cost multi-frequency GNSS receivers also con-
tributed to the spread of RTK technology in recent years. Modern receivers are ca-
pable of tracking multiple satellite constellations such as GPS, GLONASS, Galileo
and BeiDou [4], which improves positioning availability and reliability. This makes
low-cost RTK positioning a viable solution not only for agriculture but also for
robotics, autonomous vehicles, environmental monitoring and various scientific
measurements.

Our first objective is to show how a relatively low-cost RTK device can do posi-
tioning while we also try to further improve the positioning accuracy this way. Our
results may be used for validating the results of [2] and [9]. Besides we also visual-
ize, store, and analyze data obtained from an RTK GNSS measurement device. As
a result of our contribution one can use similar devices as ours out-of-the-box for
high level accuracy positioning with even better results than the original software
solutions would make possible.

In addition to positioning accuracy, measurement repeatability and data logging
are also important aspects of RTK measurements. Therefore, in this work we also
focus on measurement data storage, visualization and basic statistical analysis in
order to better understand positioning errors and system performance.

2. Methodology

2.1. Measurement Workflow and Software
GNSS positioning has proven to be effective in applications where meter-level ac-
curacy is sufficient. On its own, however, it cannot compensate for atmospheric
disturbances, multipath effects, and other error sources, which fundamentally limit
its achievable precision.

RTK (Real-Time Kinematic) improves GNSS accuracy by incorporating real-
time correction data from a continuously operating reference station [5]. The basic
idea behind the technology is that the above mentioned effects limiting the accu-
racy are almost similar in between distances of 30-50 km. Thus correction data
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calculated at a fixed base station can effectively be used to tune a moving rover’s
location data in this radius. In this configuration, the rover receives both the raw
satellite observations and the correction stream, enabling it to resolve carrier-phase
ambiguities and achieve centimeter-level positioning as described by [11].

In our measurement system (see Figure 1) all computations are performed di-
rectly on the rover-side Raspberry Pi 5. The Raspberry Pi microcomputer com-
municates with the u-blox ZED-F9P-04B-01 receiver, obtains raw GNSS data, and
simultaneously retrieves correction messages from the appropriate RTK base sta-
tion (e.g., fmtp in Debrecen or jrmi in Mátészalka). The Raspberry Pi fuses these
data streams in real time and produces the corrected position solution.

External devices such as a smartphone or laptop connect only for control and
monitoring purposes, for example to start or stop measurements, adjust configu-
ration parameters, or inspect quality indicators. They do not participate in the
positioning computation itself.

The workflow diagram reflects this architecture: satellite signals reach the RTK
receiver, the receiver forwards raw observations to the Raspberry Pi, the Raspberry
Pi receives correction data over the Internet, and the corrected position is computed
locally on the rover.

Figure 1. RTK GNSS correction flow diagram in minimalist
technical style.

The possible weak point of the system naturally is the availability of RTK cor-
rection base stations. The Centipede RTK network is a community-driven GNSS
correction network that provides low-cost RTK positioning. It was founded in
France around 2019, but today it operates through a distributed network of pri-
vately operated base stations that share correction data over the internet, offering
an open alternative to commercial RTK services for applications such as precision
agriculture, surveying, and robotics [1]. Hungary has a very good coverage of base
stations resulting almost 100% availability (see Figure 2). For our measurements in
most of the cases we used the base station maintained by University of Debrecen,
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Faculty of Agricultural and Food Sciences and Environmental Management that
has been started operating at March 2025.

Figure 2. Hungary’s Centipede-RTK base station coverage. Red
lines show the max. 30 km radii of base stations.
(Source: https://www.centipede-rtk.org/maps)

2.2. Hardware setup
Our measurement system is built on reliable, industry-grade GNSS hardware.
The RTK processing is performed by the u-blox ZED-F9P-04B-01 receiver, a
high-precision, multi-frequency GNSS module capable of centimeter-level position-
ing according to its documentation. The u-blox ANN-MB-00-00 active antenna
provides stable multi-band reception, ensuring consistent signal quality even in
challenging environments [7].

The antenna connects to the RTK receiver through a standard coaxial RF
cable, which minimizes signal loss and preserves the integrity of the multi-band
GNSS signals. The RTK module itself interfaces with the Raspberry Pi 5 via a
USB–micro-USB cable, enabling both power delivery and high-speed data transfer
without requiring additional interface hardware. The Raspberry Pi provides suffi-
cient computational performance for real-time visualization, database operations,
and communication with the GNSS hardware, making the entire setup compact
and easily deployable.

For network-based RTK corrections, the choice of reference station depends
on the measurement location. In Debrecen, the appropriate correction source is
the “fmtp” station, while in Mátészalka the “jrmi” station must be used. Al-
though many services offer a “nearest” virtual reference option, this mode relies on
a synthetic baseline and cannot deliver the centimeter-level accuracy required for
high-precision geodetic measurements.
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2.3. Data correction algorithm
As we will present below, according to our measurements the initial results have
not reached the aimed centimeter level accuracy. Thus, we have used a simple
correction algorithm to make them more accurate.

Our measurement algorithm selects the coordinates with the smallest error from
a set of pre-collected GPS points noted by latbest and lonbest respectively for the
latitude and longitude. Since in our current measurements they are not needed,
height and velocity values are simply averaged. We formalize the above as:

latbest = lat + min
i

σlat(i), lonbest = lon + min
i

σlon(i), (2.1)

altavg = 1
N

N∑︂

i=1
alt(i), vavg = 1

N

N∑︂

i=1
v(i),

where σlat(i) and σlon(i) are the accuracy errors in meters of the latitude and the
longitude for the measurement i. Since the device remains stationary during a
measurement session, the reference point is the same for all collected data. These
values are directly received from our measurement device. The total 3D error H3D

is:
H3D =

√︁
(σlat)2 + (σlon)2 + (σalt)2.

Note that according to Eq. (2.1) the latitude and longitude errors are optimized
separately. This method simplifies the correction process much compared to trying
to find a measurement point with minimal global error. On the other hand, since
the error values are strongly correlated in most cases, the same measurement point
will typically be selected for both coordinates. To prove the above we ran a test
measurement with 1043 measurement points (see Figure 3). As a result of the
strong correlation and the fact that the final values of σlat and σlon are chosen from
5 independent measurements the probalility of choosing the same measurement
point for both values is above 99%.

Figure 3. Correlation of σlat and σlon.
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The above simple correction can indeed increase positioning accuracy, as re-
peated measurements confirmed that the actual positions lie very close to each
other, although the estimated error is typically exaggerated (the real deviation is
approximately 5 cm).

2.4. Indoor and Outdoor Accuracy
Similarly to simple GNSS positioning, RTK is also based on satellite data received
from one or more supported systems. The problem with this is that the environ-
ment highly affects the final results. Weather conditions, signal obstruction and
multipath propagation can significantly degrade positioning accuracy, particularly
in urban and forested environments [3]. In order to demonstrate this, we performed
measurements in different scenarios.

During field tests, ten reference points were marked one meter apart. For each
round, 50–100 samples were collected while moving between the points. The results
were then summarized to evaluate accuracy under varying conditions.

2.5. Graphical User Interface
In order to easily be able to perform bulk measurements, we have developed a tool
in Python with a graphical user interface. A screenshot of the interface is presented
on Figure 4.

Figure 4. GUI showing measured points, trajectory, and real-time
tracking.

The software automatically registers measurement data and persists it using a
database. In the database each item describes a measurement registering the below
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attributes:

(id, timestamp, latitude, longitude,
latitude_error, longitude_error,
speed, mode, measurement iteration)

The graphical interface displays the measurement points collected during the
experiment. The red points represent the measured GPS samples, placed exactly
one meter apart on the ground. The isolated point is the control point used for ref-
erence. The software correctly visualizes the spatial layout of the points, confirming
that the measurement grid was reconstructed accurately.

All data presented in the below section are measured using this tool and the
previously described hardware setup.

3. Results
To empirically show the functionality of our system we have performed measure-
ments in the following three environments:

1. Indoor measurements were performed in a flat room in Debrecen residential
area.

2. A suboptimal outdoor setup took place at Nagyerdő (Debrecen) that is a
classical recreation area of Debrecen city with several high trees and other
obstacles.

3. Optimal outdoor measurements were performed in the park of the Faculty
of Informatics, University of Debrecen. This relatively new park does not
have too many high trees, moreover the measurements were registered in late
autumn. In most of the cases the sky was clear.

We have repeated the measurements with simple GNSS positioning, core RTK
correction and RTK correction extended with our correction algorithm. The results
are summarized on Figures 5, 6 and 7. On the figures it is easy to see how RTK
can increase accuracy of GPS positioning in outdoor scenarios. Interestingly, our
simple correction algorithm can further increase this accuracy besides really low
computational cost. The indoor scenario however proved to be unfeasible for all
three positioning variants since no correction can solve the issue of unsatisfactory
amount of arriving location data.

Due to the above mentioned properties of GPS-based positioning, pure GPS
indoor measurements without any correction showed large deviations (up to 4 me-
ters), however RTK correction reduced this to approximately 50 cm. With our
filtering method, accuracy could be improved to around 35 cm.
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Figure 5. GPS positioning results in indoor scenario.

In the Nagyerdő park area, despite unstable signals, the pure GPS positioning
showed around 70 cm accuracy that coincides with literature values [8]. RTK cor-
rection improved this to around 20 cm, while the full system reached 10 cm accuracy
with filtering.
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Figure 6. GPS positioning results in suboptimal outdoor scenario.

In optimal outdoor environment measurements yielded significantly better re-
sults. At the Faculty of Informatics University of Debrecen, even the pure GPS
reached around 30 cm accuracy. RTK correction improved this to ∼ 10 cm. Finally
the corrected and filtered method achieved 2–3 cm accuracy.
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(c) RTKFix Filtered

Figure 7. GPS positioning results in optimal outdoor scenario.
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Figure 8 sums up our measured accuracy results. The bars indicate the average
accuracy.

Initial measurements showed errors of 100-170 cm, while the improved algorithm
typically achieves around 70 cm, with best cases reaching 30-40 cm. Measurements
were performed in Debrecen under various environmental conditions (forest, open
sky, cloudy and clear weather). In order to further improve accuracy we plan refine-
ment of the algorithm, particularly the averaging of coordinates while incorporating
error metrics.
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Figure 8. Comparison of GPS measurement errors across loca-
tions and correction methods. Our simple correction algorithm can

further increase RTK accuracy.

3.1. Conclusion
This paper presented a measurement and visualization system for high-precision
positioning based on a low-cost RTK GNSS setup. The system integrates GNSS
hardware, real-time data acquisition, visualization, and database management into
a unified software environment. The primary objective was to evaluate the achiev-
able positioning accuracy of an out-of-the-box RTK solution and to investigate
whether simple post-processing methods can further improve accuracy.

Experimental results demonstrated that RTK correction significantly improves
positioning accuracy compared to standalone GNSS positioning, particularly in
outdoor environments with good satellite visibility. Furthermore, the proposed
filtering and measurement selection method provided additional accuracy improve-
ment with minimal computational overhead. In optimal outdoor conditions, the
system achieved centimeter-level positioning accuracy, while suboptimal environ-
ments resulted in decimeter-level accuracy. Indoor measurements confirmed the
known limitations of satellite-based positioning due to signal attenuation and mul-
tipath effects.

The results indicate that reliable high-precision positioning can be achieved
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using relatively low-cost hardware when combined with appropriate measurement
strategies and data processing methods. Future work will focus on advanced fil-
tering techniques, statistical error modeling, and long-term measurements under
varying environmental conditions.
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Abstract. The Zone of Proximal Development (ZPD), introduced by Vygot-
sky [11], describes the range of learning tasks that learners can successfully
complete with appropriate support. Closely related to this concept, the no-
tion of flow experience emphasizes the balance between task challenge and
learner skill as a key condition for sustained engagement and intrinsic moti-
vation [1].

Recent research suggests that artificial intelligence (AI) can support ZPD-
oriented adaptation in modern educational environments by dynamically ad-
justing task difficulty and feedback [10]. However, practical and lightweight
implementations of such approaches in programming education remain lim-
ited.

This paper presents a proof-of-concept AI-based system for estimating
learners’ ZPD using a minimal set of background information and task in-
teraction data. The approach records simplified learner profiles from task
interaction data – task success, error frequency, and completion time – and
derives a skill estimate from task success and difficulty; this estimate defines
a difficulty band that a large language model uses to generate subsequent
programming tasks at an adjusted difficulty level.

The system is developed as part of the continued evolution of the Codia
gamified programming education platform, building on earlier findings re-
lated to student motivation in secondary school programming education [6].
The design focuses on feasibility and pedagogical plausibility rather than
predictive accuracy. The study examines whether a simplified AI-supported
approach can approximate ZPD-aligned task selection in introductory pro-
gramming education.
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1. Introduction
Programming education at the secondary school level faces a structural challenge:
teachers must design tasks for an entire class, yet individual students differ sub-
stantially in prior experience, cognitive pace, and intrinsic motivation. Assigning
identical tasks to all learners inevitably places some students below their challenge
threshold – risking boredom and disengagement – and others above it – risking
frustration and dropout. Addressing this mismatch requires both a theoretical
model of optimal challenge and a practical mechanism for adapting task difficulty
to individual learners in real time.

Vygotsky’s concept of the Zone of Proximal Development (ZPD) provides ex-
actly such a model [11]. The ZPD denotes the gap between what a learner can
achieve independently and what they can achieve with guidance; instructional tasks
that fall within this zone maximise learning efficiency. Closely related is Csikszent-
mihalyi’s theory of flow: sustained engagement arises when both task difficulty
and individual skill are simultaneously high [1]. Together, ZPD and flow theory
motivate an educational design in which each student receives tasks calibrated to
their evolving competence.

Recent developments in large language models (LLMs) open a practical path to-
wards such personalisation: LLMs can generate contextually appropriate program-
ming tasks conditioned on skill level, topic preferences, and prior performance [9],
yet lightweight end-to-end implementations in introductory programming remain
scarce. The proof-of-concept system described here, Codia Path, is built using the
T3 Stack (Next.js, tRPC, Prisma, PostgreSQL) with React Flow for graph visual-
isation and supports OpenAI (o4-mini), Anthropic Claude, and Google Gemini.
Throughout, we distinguish two systems: Codia is the deployed platform used in
the classroom pilot (Section 3), whereas Codia Path is the separate proof-of-concept
adaptive system evaluated here on simulated data (Section 5); the pilot motivates
but does not validate Codia Path.

This paper makes the following contributions:
• We report the results of a real-world pilot study with the Codia gamified

programming platform, motivating a shift from extrinsic-reward-based gam-
ification to ZPD-centred task design [6].

• We describe the design of Codia Path, a proof-of-concept system that com-
bines a graph-based curriculum model, an ELO-inspired ZPD estimator, and
LLM-based task generation to produce personalised programming tasks.

• We illustrate the system using three simulated learner trajectories and qual-
itatively assess the pedagogical plausibility of the generated tasks; we make
no claim of improved learning outcomes.
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2. Background and Related Work
Vygotsky’s Zone of Proximal Development (ZPD) denotes the distance between
what a learner can achieve independently and what they can achieve with guid-
ance [11]. In a software-based learning environment the ZPD can be operationalised
through measurable proxies – response accuracy, error count, and time-on-task –
all of which are naturally observable in a programming IDE. Closely related is
Csikszentmihalyi’s flow theory: optimal experience arises when both perceived
challenge and perceived skill are high [1], a finding confirmed by meta-analytic ev-
idence [3]; when this balance is absent, the result is either boredom (low challenge)
or anxiety (excessive challenge) [7].

Gamification has been widely studied as a motivational tool in education.
Hamari et al. [4] report generally positive effects on engagement, but note that
outcomes are greatly dependent on context. Koivisto and Hamari [5] confirm that
mixed results are remarkably common, underscoring the importance of design qual-
ity and situational fit. Palmquist [8] further shows that the success of gamification
in education is mediated by factors such as teacher buy-in and implementation
quality.

AI-supported adaptive learning ranges from classical intelligent tutoring sys-
tems [10] to modern LLM-based approaches. Sarsa et al. [9] demonstrate automatic
generation of programming exercises and code explanations using LLMs, though
rigorous classroom evaluation of such methods remains limited. Yang et al. [12]
combine LLM-derived difficulty features with deep knowledge tracing, improving
difficulty prediction accuracy in programming education. Our work focuses on
lightweight operationalisation: Codia Path records per-attempt interaction data
(success, error count, and completion time) and derives a self-calibrating skill es-
timate from task success and difficulty using an ELO-inspired rating rule [2]; the
resulting difficulty band is then supplied to an LLM prompt that generates the
next task.

3. The Codia Platform and Pilot Study

3.1. Platform Description
Codia (available at https://codia.hu) is a web-based, mobile-optimised program-
ming education platform for introductory Python programming at the secondary
school level. Its main features include:

• Online IDE: A browser-based Python interpreter optimised for mobile and
desktop use.

• AI code feedback (Codie): An LLM-based assistant that detects errors
and provides hints (Figure 1).
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• Gamification: A diamond-based reward system where correct solutions earn
virtual currency exchangeable for rewards.

• Teacher dashboard: Task assignment creation, progress monitoring, and
group management.

(a) Student dashboard. (b) AI code feedback (Codie).

Figure 1. The Codia programming education platform.

3.2. Pilot Study
We conducted a five-week deployment of Codia at Kőbányai Szent László Gimnáz-
ium, Budapest, with 17 ninth-grade students [6]. Students solved teacher-assigned
tasks in the online IDE and received AI feedback from Codie. At the end of the
study, 12 students completed a Likert-scale questionnaire (Figure 2).

Figure 2. Student attitudes toward programming and Codia
(n = 12).

Key findings: 10/11 students preferred Codia over prior coding environments;
Codie’s feedback helped students self-correct code independently; the reward/dia-
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mond system was rarely used; and not a single student selected rewards as their
primary motivator – the dominant motivators were problem-solving challenge and
task completion. These results, consistent with flow theory [7], directly motivated
the design of Codia Path.

4. System Design: Codia Path
Codia Path is a proof-of-concept web application built on top of the data infrastruc-
ture of Codia. It implements three interconnected subsystems: (1) a graph-based
curriculum model, (2) an ELO-based ZPD estimator, and (3) an LLM-driven task
generator.

4.1. Graph-Based Curriculum Model
Rather than presenting courses as a flat list, Codia Path models the curriculum
as a directed acyclic graph (DAG) of courses. A directed edge from course A to
course B indicates that A is a prerequisite for B. The current curriculum graph
covers eight courses, from Variables & Types to Recursion & Algorithms. In the
future, the topics and competence areas defined in the Hungarian National Core
Curriculum (NAT) could serve as a solid basis for structuring these courses.

Each course additionally contains a task dependency graph: a second DAG
in which nodes represent individual programming tasks and edges indicate which
earlier tasks must be attempted before a given task becomes available to a learner.
Figure 3 shows an example: nodes represent tasks, edges encode prerequisites, and
colours indicate attempt outcome. A learner’s personal instance of this graph is
annotated with the outcome of each prior attempt, enabling the visualisation of
their individual learning trajectory within the course.

4.2. Learning Objectives
Each course is associated with a set of learning objectives (e.g., “Declare and ini-
tialise variables”, “Use basic data types”, “Read user input with input()”). The
objectives and topics prescribed by the NAT could provide a useful foundation for
defining these in a real deployment. They serve as a progress checklist for learners
(Figure 4) and are included verbatim in the LLM prompt during task generation,
ensuring that generated tasks target specific learning goals.

4.3. ELO-Inspired ZPD Estimator
After each recorded attempt, Codia Path recomputes the learner’s skill estimate
from their attempt history using a bounded, rating-style rule inspired by ELO sys-
tems [2]: instead of a fixed reference scale, competence is estimated by comparing
attempt outcomes against the difficulty of the attempted tasks.
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Figure 3. Task dependency graph for Variables & Types.

Figure 4. Learning objectives and mastery tracking.
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Let a learner have n recorded attempts, where attempt i has difficulty di ∈
{1, 2, 3} and outcome oi ∈ {0, 1} (1 = success). Each attempt contributes a
difficulty-anchored target ti and a weight wi,

ti =

⎧
⎨
⎩

di if oi = 1,

di − β if oi = 0,
wi =

⎧
⎨
⎩

w+ if oi = 1,

w− if oi = 0,

so that a success anchors the estimate to the task’s difficulty while a failure pulls
it slightly below. The skill estimate is the weighted mean of these targets, clamped
to the difficulty scale:

S = clip
(︃∑︁n

i=1 wi ti∑︁n
i=1 wi

, 1, 3
)︃

,

with w+ = 1.2, w− = 0.6, and β = 0.4 in the current implementation. Successful
attempts thus carry more weight than failures, and the estimate remains within
the [1, 3] difficulty range by construction, avoiding the unbounded drift and scale-
calibration problems that a raw ELO K-factor update would introduce on such a
short scale. The estimate depends only on the outcome oi and the difficulty di;
per-attempt error count and completion time are stored in the learner profile as
descriptive statistics (average error count, average completion time) but do not
enter the skill estimate in the current prototype. The prototype maintains a single
skill estimate per learner, aggregated over all attempted courses; per-course and
per-objective estimates are natural extensions discussed in Section 7.

ZPD band. The ZPD band for a learner is the interval [S − δ, S + δ] intersected
with the difficulty scale [1, 3], where δ = 0.5 by default. This band is passed to
the LLM as a soft constraint on the difficulty of the generated task; Section 4.4
describes how an explicit target difficulty can override it.

Worked example. A learner who has succeeded on two difficulty-2 tasks and
failed one difficulty-3 task obtains

S = 1.2 · 2 + 1.2 · 2 + 0.6 · (3 − 0.4)
1.2 + 1.2 + 0.6 = 6.36

3.0 ≈ 2.12,

yielding a ZPD band of [1.62, 2.62].

Parameter choices. Table 1 lists the estimator and generation parameters with
their default values and rationale.

4.4. AI Task Generation
The system assembles a structured prompt containing:

1. Learner trajectory: The learner’s recent attempt history, each entry listing
the task title, its difficulty level, and the success/failure outcome.
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Table 1. Estimator and generation parameters
(current implementation).

Parameter Value Rationale
Success weight w+ 1.2 Successes weigh more than failures.
Failure weight w− 0.6 Failures still inform the estimate, but less.
Failure offset β 0.4 A failed task pulls the estimate slightly be-

low its difficulty.
Band half-width δ 0.5 Width of the ZPD band around the skill

estimate.
Difficulty scale 1–3 Manually assigned per-task difficulty la-

bels.
Skill range (clip) [1, 3] Keeps the estimate on the difficulty scale.

2. ZPD band: The numerical difficulty interval [zpdMin, zpdMax] computed as
described in Section 4.3.

3. Course learning objectives: The full list of objectives for the selected
course, annotated with the learner’s current mastery status.

4. Interest keywords: Thematic tags provided by (or assigned to) the learner,
e.g., space, cooking, sports. The LLM incorporates these as context and
narrative elements, personalising the task scenario without changing its com-
putational content.

5. Generation history: Previous AI-generated tasks for this learner, with any
recorded feedback, so that the model avoids repetition.

The LLM is instructed to return a structured JSON object containing: task
title, description, starter code, sample solution, difficulty estimate (1–3), targeted
learning objectives, and a brief pedagogical rationale explaining why this task is
appropriate for the learner’s current ZPD.

Target difficulty and scaffolding. The ZPD band acts as a soft constraint.
Alongside it, the generator accepts an explicit target-difficulty control (a 1–3 rating
together with a challenge preference such as easier, steady, or challenge), and the
LLM is instructed to match the requested target difficulty. When a learner first
enters a new course, the system requests a difficulty-1 scaffolding task to introduce
the topic gently, even if the learner’s skill-derived band lies higher; in this case the
requested target difficulty deliberately overrides the lower bound of the band. This
mechanism explains the difficulty-1 task generated for Arthur in Section 5 despite
a band of [2.09, 3.00].
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5. Evaluation with Simulated Learners
The classroom pilot in Section 3 evaluated the Codia platform, not Codia Path; the
two systems are distinct, and the pilot motivates but does not validate the adaptive
method proposed here. In the absence of real-world classroom data from Codia
Path (the system is not yet integrated with the production Codia platform), we
report an illustrative simulation study – not a controlled experiment – using three
simulated learner trajectories constructed with the assistance of Claude Opus 4.

5.1. Simulated Trajectories
Three learner personas were designed to represent distinct learning profiles typical
of secondary school programming classes:

Thomas Motivated beginner, no prior experience; progresses slowly with frequent
errors. Seeded: dog-themed tasks, Variables & Types through For Loops (42
attempts).

Arthur Moderate prior experience (Scratch, Micro:bit); average pace, occasionally
revisits earlier concepts. Seeded: cat-themed tasks across six courses up to
Functions – Basics (54 attempts).

John Fast learner with strong Python background; few errors, consistently targets
higher difficulty. Seeded: skateboard-themed tasks, Variables & Types and
Operators & Expressions (16 attempts).

Success rates, error counts, and completion times were set consistently with each
persona’s profile. Interest keywords are supplied at generation time; for the three
demonstrated tasks we used Dune for Thomas, M&M’s for Arthur, and watermelon
for John.

5.2. Generated Tasks and Results
For each simulated learner, we triggered the AI Generate module after the full
trajectory had been recorded, targeting courses at or near the learner’s current
frontier. Table 2 summarises the key parameters and the resulting generated tasks.

5.3. Detailed Task Descriptions
Below we reproduce the AI-generated task descriptions for each generation in Ta-
ble 2, assessed along three dimensions: difficulty appropriateness, objective align-
ment, and narrative coherence.
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Table 2. Generation inputs and AI-generated tasks for the three il-
lustrated examples. All generated with o4-mini (OpenAI). Column
D is the requested target difficulty; Arthur’s D = 1 is a deliberate
new-course scaffolding override of the ZPD band (Section 4.4), not

a constraint violation.

Learner Course Skill ZPD band D Generated task
Thomas For Loops 2.47 [1.97, 2.97] 2 Spice Harvest Accumu-

lator
Arthur Arrays & Iter. 2.59 [2.09, 3.00] 1 Accessing M&M Colors

in a List
John Oper. & Expr. 2.73 [2.23, 3.00] 3 Watermelon Juice Esti-

mator

Thomas: SpiceHarvestAccumulator (D2,keywords: “Dune(themovie)”).
House Atreides needs your help on Arrakis to keep track of the melange
(spice) they collect. Write a program that: (1) asks the user for the number
of days of harvesting (an integer); (2) for each day from 1 to that number,
prompts the user to enter the pounds of spice harvested on that day and adds
that amount to a running total; (3) after all days have been processed, prints
the total in the format: "Total spice harvested: X pounds".

The task targets “count and accumulate values in loops” at difficulty 2, within
Thomas’s ZPD band [1.97, 2.97]. The Dune narrative reflects the supplied keyword,
and the accumulation-loop structure suits a persistent beginner entering the loops
course (Figure 5).

Figure 5. Thomas’s generated task, illustrating how a beginner’s
ZPD band and interest keywords produce a contextually appropri-

ate accumulation-loop exercise at difficulty 2.
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Arthur: Accessing M&M Colors in a List (D1, keywords: “M&M’s”).
Create a list named mm_colors with these M&M colors in this exact order:
red, blue, green, yellow, orange. Then: (1) print the first color; (2) print the
third color; (3) print the fifth color. Use list indexing (with indices 0, 2, and
4) and f-strings to format your output.

Arthur had completed six courses and was entering Arrays & Iteration. Al-
though his skill-derived ZPD band was [2.09, 3.00], the generator was asked for a
difficulty-1 task because this was his first attempt in a new course: entering a new
topic triggers a scaffolding override that introduces the concept with a low-pressure
task (Figure 6), regardless of the higher global skill band. The M&M theme per-
sonalises the exercise without altering its core requirement – list creation and index
access.

Figure 6. Arthur’s generated task, showing that the system selects
difficulty 1 when a learner enters a new course, producing a gentle,

interest-themed introduction to list indexing.

John: Watermelon Juice Estimator with Parentheses (D3, keywords:
“watermelon”).

Write a program that helps a watermelon vendor estimate how much juice
they can get: (1) prompt the user to enter the weights (kg) of three sample
watermelons; (2) prompt for the total number of watermelons; (3) compute
the average weight – use parentheses to group the sum before dividing by 3;
(4) compute the total juice in litres (1 kg yields 0.9 l) – use parentheses for
correct operator precedence; (5) print both values formatted to two decimal
places.

This targets “build compound expressions using parentheses” at difficulty 3,
matching John’s skill of 2.73 (Figure 7). The multi-step arithmetic with explicit
parenthesisation challenges an advanced learner.

212 Proceedings of the ICAI 2026212 Proceedings of the ICAI 2026212 Proceedings of the ICAI 2026



ICAI 2026 AI-Based Estimation of the Zone of Proximal Development. . .

Figure 7. John’s generated task, demonstrating that a high skill
score shifts the ZPD band upward, prompting the LLM to produce

a difficulty 3 compound-expression task.

5.4. Discussion
Two of the three generated tasks (Thomas and John) fell strictly within the com-
puted ZPD band; Arthur’s difficulty-1 task was a deliberate new-course scaffolding
override rather than a constraint violation (Section 4.4). Each task incorporated
the supplied interest keywords naturally. The three trajectories produced differen-
tiated skill values (2.47, 2.59, 2.73), and the LLM responded with correspondingly
differentiated structures – from a scaffolded list-indexing exercise (D1) for a learner
entering a new course to a multi-step arithmetic task with explicit parenthesisa-
tion (D3) for an advanced learner. These illustrative results are consistent with
the working hypothesis that even a lightweight ZPD estimator can guide differen-
tiated task personalisation; they do not, however, constitute evidence of improved
learning outcomes, which would require a controlled study with real learners.

6. Conclusions
We have presented Codia Path, a proof-of-concept system that combines a graph-
based curriculum model, an ELO-inspired ZPD estimator, and LLM-based task
generation into a lightweight pipeline for personalised programming education. A
pilot study with 17 students of the Codia platform indicated that intrinsic challenge
– rather than gamification rewards – drives motivation, which motivated the design
of Codia Path; an illustrative evaluation of Codia Path with three simulated learner
profiles produced pedagogically plausible tasks. We emphasise that these are proof-
of-concept results: we do not yet claim improved learning outcomes relative to a
baseline, which remains future work.
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7. Limitations and Future Work
The evaluation has several important limitations:

• Simulated, LLM-assisted data. The system has been exercised only with
three simulated learner trajectories, themselves constructed with LLM assis-
tance, rather than with real classroom data; this carries a risk of circularity
and cannot demonstrate learning gains.

• No baseline comparison. We do not compare ZPD-personalised sequences
against teacher-assigned tasks or any other baseline.

• No automated correctness verification. Generated starter code and
reference solutions were not checked by an automated test harness, and LLM-
generated tasks occasionally required minor syntactic corrections.

• Author-only task review. Generated tasks were assessed by the authors
along difficulty appropriateness, objective alignment, and narrative coher-
ence; independent expert (teacher) review is planned but not yet performed.

• Coarse, single-scalar skill model. The estimator collapses multidimen-
sional competence into a single skill estimate per learner on a discretised 1–3
difficulty scale, with manually assigned difficulty labels.

• Unused interaction signals. Error count and completion time are recorded
but do not yet influence the skill estimate or task generation.

More broadly, LLM-based generation carries inherent risks – including factual inac-
curacies (hallucinations), implicit biases in task framing, and potential over-reliance
that may weaken learners’ independent problem-solving – all of which necessitate
expert review of generated content before classroom deployment.

The immediate priority is integration into the production Codia platform and
a controlled classroom experiment comparing ZPD-personalised sequences against
teacher-assigned tasks [7]. Further directions include per-course and per-objective
skill estimates, incorporating error count and completion time into the estimator,
expanded course coverage, and collaborative ZPD estimation through peer com-
parison.
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Abstract. The paper presents our results in algorithm-development and so-
lutions for two ATM problems using MEMS microphone-signals. The aim was
that the algorithms have to be realised in the sensor itself, thus we followed
the edge-AI system-concept. The IDMT-Traffic dataset was used in algorithm
development. The paper proposes the concatenated log-Bark spectrogram as
feature extraction, followed by the custom CNN classifier. In the motion’s
direction determination (from left/from right/no vehicle) the overall accuracy
was 97.70±0.64%. The detection of passing vehicle in background noise was
considered as a two-class classification problem (vehicle/no vehicle). The ac-
curacy, F1-score and Matthew’s Correlation Coefficient (MCC) performance
parameters achieved were 99.75%, 0.9975, 0.9949, respectively. The conclu-
sion, based on experimental evidence, was that the MEMS-microphones could
be used to develop edge-AI type sensors for motion’s direction determination
and detection of passing vehicle in background noise using the concatenated
log-Bark spectrograms converted to grayscale images as input to a CNN-
classifier.
Keywords: MEMS-microphone, log-Bark-spectrogram, CNN, motion-direc-
tion, passing vehicle detection, accuracy, F1-score, MCC
2020 Mathematics Subject Classification: Primary 68T07; Secondary 94A12

1. Introduction
Recent advances in info-communication technologies highlight the concept of smart
cities. One objective is the optimal control of urban and suburban vehicle traffic,
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which requires traffic monitoring. It’s main problems are the following: 1) de-
tection and counting of passing vehicles, 2) determination of vehicle’s category,
3) determination of motion’s direction, and 4) vehicle’s speed estimation. The
real-time data necessary for traffic monitoring are supplied by appropriate sensors.
Inductive loops and pneumatic pipes are highly reliable ones for solving problem
1) and 3). Unfortunately, these are not suitable for real-time traffic monitoring:
inductive loops must be built into the road during road-building, and pneumatic
pipes must be laid across the road, thus affecting the traffic itself. Another fam-
ily of sensors are based on electromagnetic operating principles (e.g. radar, lidar,
and cameras). However, their – otherwise excellent – detection accuracy is highly
dependent on meteorological conditions and time of day [8]. Besides, the high cost
of installation and maintenance also calls for another or additional sensor-domain,
namely acoustic sensors. This leads to the concept of Acoustic Traffic Monitoring
(ATM). Most frequently, pressure-sensing microphones are used, and a promising
goal is developing sensors with low-cost, medium-quality omnidirectional MEMS
(Micro-ElectroMechanical Systems) microphones. The main efforts in this sensor-
development field can be summarized as: (I) minimizing the cost of sensors, (II)
decreasing the installation and maintenance costs, (III) decreasing the electrical
power consumption of the sensor and signal processing units, (IV) optimizing the
suitable sensor network architecture for covering a large geographic area with many
cooperating sensor units, and (V) guaranteeing the continuous operation even in
adverse weather conditions.

In this paper we present our results in algorithm-development for ATM prob-
lems 1) and 3) using MEMS microphone-signals. The problem 2) was also ivesti-
gated. Our aim was that the algorithms have to be realised in the sensor itself, thus
we followed the edge-AI system-concept. Several freely available audio datasets ex-
ist for this purpose [1, 7, 9]. We used the IDMT-Traffic dataset, because it consists
of two-channel audio recordings both with high-quality sE8 and MEMS micro-
phones. Therefore, the performance of MEMS-based algorithms can be compared
with sE8-based ones. We considered [1] as reference, because the authors presented
possible solutions for problems 1), 2) and 3) in case of sE8 microphones. In solv-
ing the problem 3) their neural network was a variant of MobileNet, adapted to
the problem at hand. The input was the cross-correlogram, computed as a se-
ries of cross-correlations between the two microphone-channels. For problem 2)
their classifier was a pretrained CNN (Convolutional Neural Network), which was
adapted to the concrete problem using transfer learning. The input was the log-mel
spectrogram computed from the average of the two channels’ signals.

The structure of the paper is the following. Section 2 summarizes the main
properties of the dataset used for algorithm development. Section 3 introduces the
concept of concatenated log-Bark features and describes the CNN structure. In
Section 4 the numerical results achieved in vehicle category classification can be
found, which is followed by in Section 5 and 6 with results of direction of movement
classification and performance parameters of passing vehicle detection. The paper
ends with conlusions.
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2. The IDMT-Traffic dataset
In the work we used the IDMT-Traffic dataset [1], which consists of 17506 two-
channel (stereo) wav-files, recorded both with high quality sE8 and medium quality,
low cost MEMS microphones. The duration of a particular recording is td = 2 s,
the sampling frequency is fs = 48 kHz. The dataset contains two main sound cat-
egories: background noise (8144 recordings) and sound of passing vehicles (9362).
In the latter case there are four sub-categories: car (7804), bus (106), truck (1022)
and motorcycle (430). The sounds were recorded in four places (three urban and
one country-road) with different weather conditions (dry and wet road) and with
different speed limits (30 km/h, 50 km/h and 70 km/h). The direction of motion
was also recorded. The recordings are annotated, the audio file-name contains
the labels: date, location, speed limit, daytime, weather condition, vehicle cate-
gory/background noise, motion’s direction and microphone type.

3. Concatenated log-Bark features and the CNN
In the recent, relevant literature the input of the classifier is the so-called log-mel
spectrogram [1, 7, 9]. The log-mel spectrogram is computed from linear spectro-
gram using the mel-frequency scale and triangle-shaped, overlapped filters [5]. The
mel frequency-scale is a characteristics of human hearing, and its non-linear func-
tion is the result of function-fitting to experimental, psychoacoustical data [10].
Another psychoacoustical frequency scale is the Bark-scale, with 24 critical bands
of human hearing [12]. Therefore, in an earlier preliminary study – with the subject
of detecting passing vehicles in background noise – we compared the effect of the
mel/Bark scale on detection accuracy. Beyond that, in that comparison we used
both triangular-shaped filters and raised cosine filters, too. The final result of the
study was, that in case of sE8 microphone the best combination is mel-scale with
raised-cosine filters, and in case of MEMS microphone the Bark-scale with raised
cosine filters gave the best accuracy. Therefore, in this work we used the log-Bark
spectrogram computed with raised cosine filters. Moreover, in order to preserve
the time-delay information between the two microphone channels, we concatenated
the log-Bark spectrograms of the two channels ensuring the proper time-alignment.
Thus, the concatenated log-Bark spectrogram was the result of feature extraction.

3.1. The concatenated log-Bark spectrogram
The signal was processed using sliding windows with fixed window length (tw =
100 ms) and hop (th = 25 ms). Thus the number of samples in a window was
N = fs · tw = 4800, and the number consecutive of windows was M = td/th = 80
(not 77, because the last three windows were zero-padded at the end). In the mth
window the signal’s one-sided power spectrum |Sm(l)|2, m = 1..M, l = 1..N/2 was
estimated using Hamming-window and discrete Fourier-transform (The frequency
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resolution was ∆f = 1/tw = 10 Hz). The linear spectrogram was a series of the
one-sided power spectra.

We processed the linear spectrogram further using a psychoacoustical model
of human hearing. From the available non-linear functions (scales) we used the
Bark-scale, mentioned above, with the invertible function below [11] :

η(f) = 6 · asinh
(︃

f [Hz]
600[Hz]

)︃

We covered the [0; η(fmax)] interval with K overlapped, raised-cosine-type
weighting functions (sub-band filters). In these bands we summed up the weighted
power values and converted the result into dB. Thus finally we got the log-Bark
spectrogram as signal representation of the channel’s signal.

The sub-band filters were shifted versions of the raised-cosine prototype function
with finite support of 2∆η, where ∆η = η(Fs/2)/(K + 1). The kth sub-band filter
therefore:

Ψk(η) =

⎧
⎨
⎩

1+cos
[︁

π·(η−k∆η)
∆η

]︁
2 η1 ≤ η ≤ η2

0 else

where η1 = (k − 1)∆η and η2 = (k + 1)∆η. With the inverse η−1 of η(f) the
corresponding frequency values were f1 = η−1(η1) and f2 = η−1(η2) and the fre-
quency band was f1 ≤ f ≤ f2. The kth sub-band filter in the frequency domain
was Hk(f) = Ψk(η−1), f ∈ [f1; f2]. With the frequency resolution above finally we
got Hk(l) = Hk(l ·∆f), l ∈ [l1; l2] where l1 = ⌊f1/∆f⌋, l2 = ⌈f2/∆f⌉, the sub-band
filter in the linear frequency domain for discrete-time processing.

For better visibility Figure 1 shows a raised-cosine filterbank with K = 3 filters
transformed back to linear frequency scale (fs = 8 kHz, fmax = fs/2)

Figure 1. Raised-cosine filterbank example.
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The final step in feature extraction was computing the weighted sums from
power spectrum in the mth signal window:

Pk,m = 10 lg
(︄

l2∑︂

l=l1

|Hk(l)|2 · |Sm(l)|2
)︄

, k = 1..K, m = 1..M

The Pk,m is the log-Bark spectrogram, which is an K × M matrix of real values.
In Figure 2 an example can be seen using a recording from the IDMT-Traffic

datset. The upper trace is trace 1, which shows the Hamming-windowed 100 ms
long signal segment (of 4800 samples). Trace 2 is the one-sided power spectrum (of
2400 components). Trace 3 shows the 24 raised-cosine-type filters, designed in the
Bark-scale and warped back to linear frequency scale. Finally in trace 4 the results
of weighted sum of power values of each filters can be seen expressed in dB. These
computations are resulted in a 24 dimensional vector, which is a column of the log-
Bark spectrogram matrix. It is important to note, that changing over to log-Bark
spectrogram from linear spectrogram results in a 100-times data reduction.

Figure 2. Log-Bark power spectrum of a signal segment.

Figure 3 illustrates that the log-Bark spectrogram representation enhances the
weighted power sums in the lower frequency bands. In the figure the log-Bark
spectrogram (left) and the linear spectrogram (right) can be seen in case of 50 km/h
bus recording with MEMS microphones. The concatenation operation means that
the two channels’ log-Bark spectrograms are stacked above each other. It ensures
the proper time-alignment of the channels’ samples. The final result of the feature
extraction is thus a 48 × 80 matrix of real values.
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Figure 3. Log-Bark (left) and linear spectrograms (right).

3.2. The CNN structure
The concatenated log-Bark spectrogram representation, described above, can eas-
ily be converted to a 48 × 80 gray-scale image (PNG file-format was used). The
interval of the lowest and greatest matrix-elements was scaled to [0;255] of real val-
ues linearly, then uniformly quantized to [0;255] interval of nonnegative integers.
So it was obvious to select CNN [2] as the classifier part of the system, because it
is well-proven and widely-used in ATM problems [1, 7, 9]. However, we intention-
ally did not use a pre-trained version. It makes it possible to optimize further the
network structure if necessary when implementing the CNN classifier in the sensor.
In designing the CNN structure we used the MATLAB Deep Learning Toolbox.
Interestingly, the CNN processing pipeline was the same in both vehicle category
classification and direction of movement determination. The network structure
was the following (reLU denotes the f(x) = max(0, x) function). There were three
main building block types. We denote here with type-1 a sequence of <2D con-
volution layer, batch normalization, reLU activations, max-pooling> operations,
with type-2 the <2D convolution layer, batch normalization, reLU activations>
sequence and type-3 the <fully conncted layer, softmax activations, classification
layer>. Using these notations the image input layer was followed by two type-1
layers. The outputs the second were further processed with a type-2 block. It was
followed by a type-3 block for outputting the predicted class labels. The size of
convolution layers’ filters were 3×3 in each blocks, the number of filters were 8, 16,
32, respectively. Not only the weights, but biases were trained as well. The total
number of learnable parameters were 26011. The network was trained using the
cross-entropy loss-function and Adam optimizer, with minibatch-size of 128 and
initial learning rate of 0.001.

4. Vehicle category classification
From the IDMT dataset we created the “commercial vehicle” class from recordings
of trucks and buses in order to distinguishing them from passenger cars. When cre-
ating the training/validation and test subsets of recordings we followed the policy
of [1]: recordings labelled with 30 km/h and 50 km/h were the training/validation
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sets and recordings with 70 km/h speed limit was the test set. As a consequence,
we exluded all motorcycle recordings, because there are 5 recordings with 30 km/h
labels, there is no with 50 km/h and 70 km/h and there are 123 with “Unknown”
speed labels. The vehicle category classification was a 3-class classification prob-
lem: passenger car (car), commercial vehicle (bus or truck), no vehicle (labelled
as BG, background noise in the dataset). We used the splitEachLabel function
of MATLAB Deep Learning Toolbox with parameters of 0.9 and ’randomize’ with
default seed. The number of recordings of each set can be found in Table 1 (with
90% training, 10% validation ratios).

Table 1. Number of recordings in datasets.

vehicle category training validation test
car 2471 274 1157

bus or truck 332 37 195
no vehicle 2395 266 1412

The structure of CNN classifier was described in the Subection 3.2. We did
10 training experiments, evaluated the confusion matrix, selected the best network
with greatest overall accuracy and computed the average and standard deviation
of experiments’ accuracies. Figure 4 shows randomly selected training grayscale
image examples.

Figure 4. Randomly selected training images for vehicle category classification.

The best confusion matrix in case of 10 experiments and 10 epoch/experiments
can be seen in Table 2. The best overall accuracy was 94.79%, the average accuracy
was 94.04 ± 0.48%.
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Table 2. Vehicle category classification: best confusion matrix.

bus or truck 87 (44.62%) 107 (54.87%) 1 (0.51%)
True label car 27 (2.33%) 1128 (97.49%) 2 (0.17%)

no vehicle 4 (0.28%) 3 (0.21%) 1405 (99.5%)
bus or truck car no vehicle

Predicted label

In the reference paper [1] high quality sE8 microphone recordings were used
for training a 4-class vehicle category classifiier (car/truck/motorcycle/no vehicle).
The corresponding classification ratios are the following: a) car/car decision 97.29%
(sE8); 97.49% (MEMS), b) no vehicle/no vehicle decision 99.65% (sE8); 99.5%
(MEMS). Let’s mention, that the truck/truck ratio was 38.84% (sE8) and the bus
or truck/bus or truck ratio was 44.62% (MEMS). The greatest misclassification
ratio in case of sE8 was the truck/car with 60.21%, and in case of MEMS the
bus or truck/car ratio was 54.87%. To our opinion the primary cause of these
high misclassification rates was the underrepresentation of training recordings of
trucks (322, sE8) and bus or truck (369, MEMS) compared with cars’ (2745). We
concluded, that both in case of sE8 and MEMS microphones further data collection
is necessary to get a more balanced datasets.

5. Direction of movement classification
In organizing the computations in this case we followed similar methodology as
in the vehicle category classification: the motorcycle recordings were excluded, the
recordings labelled with 30 km/h or 50 km/h speed limits formed the trainig/valida-
tion substes with 90%/10% splits, and the recordings labelled with 70 km/h were
the test set. We used the splitEachLabel function of MATLAB Deep Learning
Toolbox with parameters of 0.9 and ’randomize’ with default seed in this case
also. Thus, the direction of movement classification was also a 3-class classification
problem: from left to right/from right to left/no vehicle. The number of recordings
of each set can be found in Table 3.

Table 3. Number of recordings in datasets.

direction of movement training validation test
from left to right 1391 155 635
from right to left 1411 157 717

no vehicle 2395 266 1412

We also did 10 training experiments, selected the best network with greatest
overall accuracy and characterized the training process itself with the average and
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standard deviation of experiments’ accuracies. The best confusion matrix in case
of 10 experiments and 10 epoch/experiments can be seen in Table 4. The best
overall accuracy was 98.63%, the average accuracy was 97.70 ± 0.64%.

Table 4. Direction of movement: best confusion matrix.

from left to right 616 (97.01%) 16 (2.52%) 3 (0.47%)
True label from right to left 15 (2.09%) 701 (97.77%) 1 (0.14%)

no vehicle 3 (0.21%) 0 (0%) 1409 (99.79%)
from left to right from right to left no vehicle

Predicted label

In the reference paper [1] the datasets used for training were slightly different
from ours. However, some comparison can be made based on confusion matrices.
The corresponding classification ratios are the following: a) from left to right/from
left to right 96.61% (sE8); 97.01% (MEMS), b) from right to left/from right to
left 98.64% (sE8); 97.77% (MEMS) and c) no vehicle/no vehicle 99.79% (sE8)
97.79% (MEMS). We concluded, that MEMS microphone recordings can be used
for direction of movement classification with similar performance of sE8.

6. Detection of passing vehicles
The detection of passing vehicles in a background noise is a 2-class classification
problem (vehicle/no vehicle). The confusion matrix CM2 can be derived from the
3-class one (CM3) as:

CM2(1, 1) = CM3(1, 1) + CM3(1, 2) + CM3(2, 1) + CM3(2, 2),
CM2(1, 2) = CM3(1, 3) + CM3(2, 3),
CM2(2, 1) = CM3(3, 1) + CM3(3, 2),
CM2(2, 2) = CM3(3, 3).

Table 5 shows the confusion matrix with conventional notations.

Table 5. Two-class confusion matrix (CM2) structure.

True label vehicle TP FN
no vehicle FP TN

vehicle no vehicle
Predicted label

For numerical assessment of detection we used the following performance pa-
rameters (for MCC se [3]):

accuracy = (TP + TN)/(TP + FN + FP + TN)
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F1score = 2TP/(2TP + FP + FN)

MCC = TP · TN − FP · FN√︁
(TP + FP )(TP + FN)(TN + FP )(TN + FN)

The numerical values derived from vehicle category classifier and direction of
movement estimator can be seen in Table 6.

Table 6. Performance parameters of vehicle detection.

task accuracy F1-score MCC
vehicle category 99.64% 0.9965 0.9928

direction of movement 99.75% 0.9975 0.9949

The accuracy of motion’s direction classifier (99.75%) was somewhat greater,
than that of the vehicle category classifier.

In the reference paper [1] the high quality sE8 microphone recordings were used,
and there is no explicit acccuracy data available for vehicle/no vehicle detection.
However, we can compare the no vehicle/no vehicle decision ratios of corresponding
classification tasks. Their TABLE III is the confusion matrix of vehicle category
classifier; the ratio of no vehicle/no vehicle decision was 99.65%. TABLE V is
the confusion matrix of vehicle category classifier with 99.79%. Our best ratio
of 99.79% (see Table 4) was the same as the best reference data (99.79%). Thus
the vehicle/no vehicle classification can be solved using our MEMS-based motion’s
direction classifier with accuracy of 99.75% (see Table 6).

7. Conclusions
Based on the numerical experimental evidence presented in the paper we concluded,
that the MEMS-microphones can be used for vehicle/non vehicle classification and
direction of movement estimation with acceptable accuracy. The great data re-
duction with log-Bark spectrogram signal representation and the small number of
learnable parameters of the proposed CNN makes it possible to develope an edge-
AI type sensor, too. In this respect we will consider the results published in [4,
6].

Another interesting work planned is the comparison the log-Bark representa-
tion-based solution with others (e.g. log-mel, MFCC, Gammatone Frequency Cep-
stral Coefficients, cross-correlogram and Generalized Cross-Correlation with Phase-
Transform) using larger datasets of [7, 9] with ablation studies.

However, in the vehicle category determination problem further data collection
is needed in case of commercial vehicles in order to get a more balanced training
dataset. The poor recognition accuracy caused by the class imbalance is planned
to inrease using class weighting and data augmentation.
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Abstract. Modern computer aided surveys (CAPI/CATI) can contain hun-
dreds of questions with complex conditional logic. In order to guarantee cor-
rectness through all possible traversal paths is a computationally demanding
challenge. We propose to replace the traditional imperative, command-based
questionnaire design with a constraint-based paradigm where correctness is
verified statically rather than through path discovery. This work presents a
formal, declarative framework for questionnaire specification and SMT-based
verification that enables this separation. We formalize questionnaires as tu-
ples of items with preconditions and postconditions inspired by Hoare Logic,
classify item reachability and postcondition feasibility through satisfiability
checks, and establish a four-level validation hierarchy with five theorems char-
acterizing the relationships between per-item, global, and path-based analy-
sis. The method is evaluated based on real-world questionnaires.
Keywords: questionnaire verification, SMT solvers, formal methods, Z3, pre-
conditions, postconditions
2020 Mathematics Subject Classification: 68V15, 68Q60, 68N30

1. Introduction
The formal study of questionnaire structure spans six decades, from Picard’s foun-
dational Théorie des questionnaires [18] through Fellegi and Holt’s systematic ap-
proach to edit rules [9], to Willenborg’s proof that checking questionnaire consis-
tency is NP-complete [26]. Graph-based methods [1, 6, 7, 24] have provided vi-
sualization and documentation tools, while path enumeration approaches [8] have
enabled systematic testing. However, none of these approaches provide formal
guarantees about questionnaire correctness—a fundamental limitation of testing
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that Dijkstra famously observed applies to all software systems [5].
The proliferation of AI-powered survey generation [14, 17] has amplified this

need. AI systems can generate questionnaires with hundreds of interconnected
questions whose conditional logic exceeds what human reviewers or even the gen-
erating AI can verify.

Our approach. We adopt a declarative, constraint-based paradigm inspired by
Hoare Logic [10]. Just as Hoare triplets {P}C{Q} specify program correctness
through preconditions and postconditions, our framework specifies questionnaire
correctness through logical constraints. Preconditions become Boolean formulas
determining item visibility; postconditions become constraints on valid responses.
This declarative specification maps naturally to SMT constraint satisfaction, en-
abling the Z3 theorem prover [15] to analyze questionnaire properties with mathe-
matical precision.

Contributions. This paper makes four contributions:

1. A formal framework and domain-specific language (called QML [21]) for rep-
resenting questionnaire logic using preconditions and postconditions.

2. A four-level SMT-based validation hierarchy (per-item, global, cycle detec-
tion, path-based) characterized by five theorems with formal proofs.

3. A compiler transforming the questionnaire logic expressed in QML with em-
bedded Python code blocks into Z3 constraints.

4. The evaluation of our framework with real-world questionnaires.

The rest of this paper is structured as follows. Section 2 introduces the for-
mal model for questionnaires followed by Section 3 discussing our approach for
validating questionnaires based on the model. Section 4 introduces a concrete im-
plementation, which connects the model to the Z3 SMT solver [15], and evaluates it
with real-world questionnaires. Section 5 summarises related work, and Section 6
concludes and points out future directions.

2. Formal Questionnaire Model
We formalize questionnaires by defining their components axiomatically and then
composing them into a complete structure.

Definition 2.1 (Item). An item Ii is a questionnaire element that presents content
and optionally collects responses. Items may be informational (no outcome), scalar
questions (single integer outcome), question groups (vector outcome), or matrix
questions (matrix outcome).

Definition 2.2 (Outcome Variable). For each item Ii collecting responses, the
outcome variable Si represents the respondent’s answer.
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In this paper, we only discuss scalar outcome variables (Si ∈ Z) for clarity;
however, real-world questionnaires require more complex answer structures. Our
framework is capable of handling vector outcome variables Si ∈ Zk for question
groups, or Si ∈ Zm×n for matrix questions too.

We denote the complete vector of outcome variables as S = (S1, . . . , Sn). An
assignment is a vector a = (a1, . . . , an) over the corresponding domains.
Definition 2.3 (Domain Constraint). Each outcome variable Si has a domain
constraint Di(Si) restricting valid values, specified either as a range ℓi ≤ Si ≤ ui

or an enumeration Si ∈ {v1, . . . , vk}.
The conjunction of all domain constraints forms the base constraint:

B :=
n⋀︂

i=1
Di(Si)

Let the set of domain-respecting assignments be Dom := {a | a |= B}. Here,
we use |= to denote the SMT satisfaction relation1 used by Z3 [15]: a |= ϕ means
assignment a satisfies formula ϕ.
Definition 2.4 (Precondition). Each item Ii has a precondition Pi, a Boolean
formula over S determining whether the item is presented. If a |= Pi for assign-
ment a, item Ii is displayed; otherwise it is hidden.

Preconditions encode the conditional logic that creates branching paths through
the questionnaire based on previous answers.
Definition 2.5 (Postcondition). Each item Ii has a postcondition Qi, a Boolean
formula over S constraining valid responses. Postconditions are only evaluated
when the item is accessible, requiring: Pi ⇒ Qi.

Postconditions ensure logical consistency between answers and can dynamically
restrict acceptable values based on prior responses.
Definition 2.6 (Questionnaire). A questionnaire G is a tuple (I, S, D, P, Q, Istart)
where:

• I = {I1, . . . , In} is a finite set of items

• S = (S1, . . . , Sn) is a vector of outcome variables

• D = (D1, . . . , Dn) specifies domain constraints

• P = (P1, . . . , Pn) specifies preconditions

• Q = (Q1, . . . , Qn) specifies postconditions

• Istart ∈ I is the designated starting item
Throughout, we write SAT(ϕ) when formula ϕ has a satisfying assignment,

UNSAT(ϕ) when none exists.
1We essentially rely on a subset of propositional logic with integer and array theory.

https://icai.uni-eszterhazy.hu/2026 229https://icai.uni-eszterhazy.hu/2026 229https://icai.uni-eszterhazy.hu/2026 229

https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


P. Sághelyi, P. Bereczky ICAI 2026

2.1. Precondition Reachability Classification
For each item Ii, we classify its precondition Pi relative to B into three categories:

ALWAYS : UNSAT(B ∧ ¬Pi)
NEVER : UNSAT(B ∧ Pi)

CONDITIONAL : SAT(B)

An ALWAYS item is presented to every respondent; NEVER means no valid
assignment can satisfy the precondition, indicating a design error (the item is dead
code); CONDITIONAL is the normal case where the item depends on prior
answers.

2.2. Postcondition Classification
We classify postconditions relative to their preconditions into four categories:

VACUOUS : UNSAT(B ∧ Pi)
TAUTOLOGICAL : UNSAT(B ∧ Pi ∧ ¬Qi)
CONSTRAINING : SAT(B ∧ Pi ∧ Qi) and SAT(B ∧ Pi ∧ ¬Qi)

INFEASIBLE : UNSAT(B ∧ Pi ∧ Qi)

VACUOUS correlates with NEVER reachability—the postcondition is irrel-
evant. TAUTOLOGICAL means the postcondition adds no constraint beyond
what domains and the precondition already enforce, suggesting a redundant rule.
CONSTRAINING is the normal case: the postcondition meaningfully restricts
valid responses. INFEASIBLE is a design error—no valid response exists when
the item is reached.

3. Comprehensive Validation
This section establishes the precise relationship between global and per-item val-
idation, proving what each level can and cannot detect. These results guide the
practical choice of validation strategy.

Definition 3.1 (Global Satisfiability Formula). The global satisfiability for-
mula for a questionnaire is:

F := B ∧
n⋀︂

i=1
(Pi ⇒ Qi)

The questionnaire passes global validation if SAT(F).

Intuitively, the global formula asks whether there exists at least one complete
assignment of answers that respects all domain constraints and satisfies all post-
conditions for every reached item.
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Definition 3.2 (Witness Formula). For item Ii, the witness formula is Wi :=
B ∧ Pi ∧ ¬Qi. If SAT(Wi), there exists an assignment where item Ii is reached but
its postcondition is violated. Such an assignment witnesses a validation failure.

The diagnostic question is whether Wi is satisfiable: UNSAT(Wi) means item Ii

is locally valid (whenever it is reached, its postcondition must hold), while SAT(Wi)
indicates a potential violation. The witness assignment provides a concrete coun-
terexample showing exactly which answer combination causes the failure.

3.1. Key Properties of Global Satisfiability
The following five theorems capture the exact relationships between per-item,
global, and path-based validation.

Theorem 3.3 (Soundness of Per-Item Validity). If SAT(B) and for every i ∈
{1, . . . , n} we have UNSAT(Wi), then SAT(F).

Proof. Assume SAT(B) and UNSAT(Wi) for all i, where Wi = B ∧ Pi ∧ ¬Qi.
Step 1: Transform unsatisfiability to entailment. For each i, UNSAT(B∧

Pi ∧ ¬Qi) means:
∄a : a |= (B ∧ Pi ∧ ¬Qi)

Equivalently, ∀ a : a ̸|= B or a ̸|= Pi or a |= Qi. Using (¬A∨¬B∨C) ≡ ((A∧B) ⇒
C): if a |= B ∧ Pi then a |= Qi. By the deduction theorem: B |= (Pi ⇒ Qi).

Step 2: Combine entailments. Since B |= (Pi ⇒ Qi) for each i, by mono-
tonicity of entailment:

B |=
n⋀︂

i=1
(Pi ⇒ Qi)

Step 3: Construct a model for F . By hypothesis, SAT(B), so there exists
a with a |= B. By Step 2, every model of B is also a model of

⋀︁n
i=1(Pi ⇒ Qi).

Therefore:
a |= B ∧

n⋀︂

i=1
(Pi ⇒ Qi) = F

Hence SAT(F).

Theorem 3.4 (Local Invalidity Does Not Imply Global Failure). If SAT(Wi) for
some i, it does not follow that UNSAT(F).

The witness Wi only shows that there exists a violating assignment; the global
check asks whether there exists a (possibly different) assignment satisfying all im-
plications simultaneously.

Proof. By counterexample. Consider two items:

• I1: age, S1 ∈ [0, 120], P1 = true, Q1 = true

• I2: driving experience, S2 ∈ [0, 100], P2 = (S1 ≥ 16), Q2 = (S2 ≤ S1 − 16)
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The postcondition Q2 ensures driving experience cannot exceed years since turn-
ing 16.

The witness W2 = B ∧ (S1 ≥ 16) ∧ (S2 > S1 − 16) is satisfiable: S1 = 20,
S2 = 10 gives 10 years of experience at age 20, violating Q2 since 10 > 20−16 = 4.
Thus SAT(W2)—item I2 is locally invalid.

However, F is satisfiable: S1 = 30, S2 = 5 satisfies B and (P2 ⇒ Q2) since
5 ≤ 30 − 16 = 14. Thus SAT(F) despite SAT(W2). The local invalidity shows
that some respondents could violate the postcondition, but valid completions still
exist.

Theorem 3.5 (Accumulated Constraints Can Cause Global Unsatisfiability). There
exist questionnaires where no item is INFEASIBLE individually (each SAT(B ∧
Pi ∧ Qi)), yet UNSAT(F).

Per-item checks examine each postcondition independently against B, miss-
ing conflicts between postconditions that must be satisfied simultaneously during
questionnaire execution.

Proof. By counterexample. Consider a satisfaction survey where I1 asks “Rate
your overall experience” with S1 ∈ [1, 100], P1 = true, and postcondition Q1 =
(S1 > 50) requiring a positive rating. Item I2 asks “Would you like a follow-up?”
with S2 ∈ {0, 1}, P2 = true, and postcondition Q2 = (S1 < 30) intended to trigger
follow-up only for dissatisfied respondents. Each item is individually feasible:

• SAT(B ∧ P1 ∧ Q1) with S1 = 75: a positive rating satisfies Q1

• SAT(B ∧ P2 ∧ Q2) with S1 = 20: a low rating satisfies Q2

Neither is INFEASIBLE. However, since both preconditions are true:

F = B ∧ (true ⇒ S1 > 50) ∧ (true ⇒ S1 < 30) = B ∧ (S1 > 50) ∧ (S1 < 30)

This is unsatisfiable—no S1 can simultaneously satisfy both constraints. The per-
item checks miss this conflict because they evaluate each postcondition against
all possible values of S1, not accounting for the fact that Q1 constrains the same
variable that Q2 references.

3.2. Dependency Graph and Cycle Detection
To ensure questionnaires can be evaluated in a consistent order, we analyze depen-
dencies between items. Construction proceeds in three stages:

Stage 1: Data flow graph. Through static analysis of preconditions, and post-
conditions (and code blocks after introducing them in Section 4), we construct a
directed graph with item vertices and variable vertices. Edges capture data flow:
answering item Ij assigns outcome Sj (edge Ij → Sj).
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Stage 2: Item dependency graph. From the data flow graph, we derive G =
(V, E) where V = {I1, . . . , In} and (Ij → Ii) ∈ E iff there exists a directed path
from Ij to Ii in the data flow graph.

Stage 3: Topological sort and cycle detection. We compute a topological
ordering of G using Kahn’s algorithm [11]: initialize with zero in-degree items, iter-
atively remove items and their outgoing edges. If edges remain after termination,
cycles exist and the questionnaire cannot be evaluated—each item on the cycle
depends on others in the cycle.

3.3. Path-Based Validation
Path-based validation addresses a limitation of the global formula and per-item
checks: items that appear reachable in isolation but become unreachable when
predecessor constraints accumulate.

Definition 3.6 (Execution Path). An execution path π = (Ik1 , . . . , Ikn) is a per-
mutation of items respecting the dependency order where each item’s precondition
is satisfied given the accumulated constraints from preceding items.

Definition 3.7 (Path Constraint Formula). For path π = (Ik1 , . . . , Ikn
), the path

constraint formula is:

Φπ := B ∧
n⋀︂

j=1
(Pkj

∧ Qkj
)

The path is feasible if SAT(Φπ).

Note the key difference from the global formula: path constraints use conjunc-
tions (Pi ∧ Qi) for items on the path, not implications (Pi ⇒ Qi). This ensures
that preconditions are actually satisfiable, not just vacuously handled.

Theorem 3.8 (Global Validity is Necessary for Path Validity). If UNSAT(F),
then for every execution path π, UNSAT(Φπ).

Proof. By contraposition. Suppose SAT(Φπ) for some path π = (Ik1 , . . . , Ikm)
with satisfying assignment a.

For items on the path: a |= Pkj
and a |= Qkj

, so a |= (Pkj
⇒ Qkj

).
For items not on the path: the execution path includes all items whose pre-

conditions hold under a (by definition, a maximal set respecting the dependency
order). Therefore, for items Ii /∈ π, we have a ̸|= Pi, making (Pi ⇒ Qi) vacuously
true under a.

Combining: a |= B ∧ ⋀︁n
i=1(Pi ⇒ Qi) = F , giving SAT(F).

By contraposition: UNSAT(F) implies UNSAT(Φπ) for all π.

Theorem 3.9 (Global Validity Does Not Guarantee All Items Reachable). There
exist questionnaires where SAT(F) but some conditionally-reachable item is un-
reachable on every feasible path.

https://icai.uni-eszterhazy.hu/2026 233https://icai.uni-eszterhazy.hu/2026 233https://icai.uni-eszterhazy.hu/2026 233

https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026
https://icai.uni-eszterhazy.hu/2026


P. Sághelyi, P. Bereczky ICAI 2026

Proof. We provide an example. Let I1 = (S1 ∈ [1, 100], P1 = true, Q1 = (S1 >
80)) and I2 = (S2 ∈ {0, 1}, P2 = (S1 < 50), Q2 = true). The dependency graph
gives I1 → I2 since P2 references S1.

Per-item analysis: P2 = (S1 < 50) is CONDITIONAL: SAT(B ∧ S1 < 50)
with S1 = 25. Neither item is INFEASIBLE.

Global analysis:

F = B ∧ (true ⇒ S1 > 80) ∧ ((S1 < 50) ⇒ true) ≡ B ∧ (S1 > 80)

This is satisfiable with S1 = 90, so SAT(F).
Path analysis: Any path including I2 requires:

Φπ = B ∧ (S1 > 80) ∧ (S1 < 50)

which is unsatisfiable. Item I2 is classified CONDITIONAL by per-item analysis,
passes the global check, yet is unreachable on every valid path. This is dead code:
the global formula masks I2’s unreachability because (P2 ⇒ Q2) = ((S1 < 50) ⇒
true) is vacuously true when Q1 forces S1 > 80.

3.4. Accumulated Reachability
To detect dead code systematically without enumerating all paths—which would
face the same exponential blow-up as testing—we define accumulated reachability,
which accounts for constraints imposed by predecessor items in the dependency
order.
Definition 3.10 (Accumulated Reachability). For item Ii, let Pred(i) = {j : Ij ≺
Ii} be predecessor items in the topological order. The accumulated constraint
formula is:

Ai := B ∧
⋀︂

j∈Pred(i)

(Pj ⇒ Qj)

Item Ii is accumulated-reachable if SAT(Ai ∧ Pi).
If UNSAT(Ai ∧ Pi) for a conditionally-reachable item, it is dead code—its pre-

condition can never be satisfied given accumulated predecessor constraints.
Example 3.11. Consider three items:

I1 = (annual income, S1 ∈ [0, 1000000], P1 = true, Q1 = true)
I2 = (tax bracket, S2 ∈ {1, 2, 3}, P2 = true, Q2 = (S1 ≥ S2 · 10000))
I3 = (low-income assistance, S3 ∈ {0, 1}, P3 = (S1 < 10000), Q3 = true)

There are two possible topological orders I1 → I2 → I3 and I1 → I3 → I2
(since both I2 and I3 refer to S1). If we consider the first order, per-item analysis
classifies P3 as CONDITIONAL: SAT(B ∧ S1 < 10000) holds with S1 = 5000.
However, with predecessor set Pred(3) = {1, 2}:

A3 ∧ P3 = B ∧ (S1 ≥ S2 · 10000)⏞ ⏟⏟ ⏞
Q2

∧ (S1 < 10000)⏞ ⏟⏟ ⏞
P3
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This is unsatisfiable: since S2 ≥ 1, Q2 forces S1 ≥ 10000, contradicting P3. Item I3
(low-income assistance) is dead code—the postcondition Q2 sneaks a lower bound
on S1 through I2, making I3 unreachable even though per-item analysis sees no
problem. This order-independent fact is captured exactly by the path constraint
formula Φπ (Definition 3.7), which conjoins Pi ∧ Qi over all path items and is
unsatisfiable here for both orders; in practice we detect such cases by evaluating
accumulated reachability under a fixed canonical topological order.

3.5. Validation Hierarchy
The presented validation approaches can be combined into a hierarchy. Further-
more, we can utilise SMT-solvers (in our case, Z3 [15]) for instance-based verifica-
tion: the presented validation formulas can be automatically checked for concrete
questionnaires. Questionnaire validation operates at four levels of increasing thor-
oughness and computational cost:

1. Per-item validation (Sections 2.1 and 2.2) classifies each item indepen-
dently by testing its precondition reachability and postcondition feasibility.
This is the fastest level, as item analyses are parallelizable and each requires
only 2–3 SMT queries.

2. Global validation (Definition 3.1) performs a single satisfiability check on
the global formula F , determining whether at least one valid questionnaire
completion exists.

3. Cycle detection (Section 3.2) analyzes the dependency graph for circular
dependencies, which indicate that the item ordering cannot be resolved.

4. Path-based validation (Definition 3.10) verifies accumulated reachability
for each conditional item under predecessor postconditions. This is the most
thorough level, capable of detecting dead code that earlier levels miss, at the
cost of one SMT query per item with accumulated constraints.

Validation outcomes. The hierarchy yields six diagnostic cases: (1) all Wi

UNSAT implies all levels pass (Theorem 3.3); (2) some SAT(Wi) with UNSAT(F)
means conflicting postconditions—no valid path exists (Theorems 3.5 and 3.8);
(3) SAT(F) with all items accumulated-reachable is the ideal outcome; (4) SAT(F)
with some items not accumulated-reachable indicates dead code (Theorem 3.9);
(5) any INFEASIBLE item is always a design error; (6) any NEVER-reachable
item signals an unsatisfiable precondition.

4. Implementation of the Formal Model
We introduce the Questionnaire Markup Language (QML, specified in [21]), a
YAML-based specification language where preconditions and postconditions are ex-
pressed as Python boolean expressions. Items may contain imperative code blocks
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for intermediate computations. These code blocks must be transformed into Z3
constraints (influencing pre- and postconditions), a non-trivial challenge since Z3
variables are immutable while Python allows mutation, conditional branching, and
iteration. We present Example 3.11 in Section A with QML syntax, and refer
to [20] for further, more involved examples.

4.1. Compilation Strategy
The compiler [22] transforms Python code blocks into Z3 formulas through three
key techniques:

Single Static Assignment (SSA). SSA [4] ensures each variable is assigned
exactly once by creating versioned copies at each reassignment point (e.g., total0 =
0, total1 = total0 + x, total2 = total1 + y). Each SSA variable maps directly to an
immutable Z3 expression, eliminating mutation while preserving the semantics.

Phi functions for conditional branching. When control flow paths merge
after conditional statements, phi functions [4] select the appropriate variable ver-
sion: xnew = ϕ(cond, xtrue, xfalse), mapping to Z3’s If(cond, xtrue, xfalse). Nested
conditionals produce nested If expressions, preserving full semantic equivalence
with the original Python code.

Bounded loop unrolling. Since Z3 cannot represent arbitrary loops, we employ
bounded loop unrolling [3, 13] for for loops with statically determinable bounds
(range calls with compile-time constants, container literals). Each iteration is ex-
panded into sequential SSA-transformed constraints. The compiler unrolls up to
20 iterations, issuing a warning (not an error) for larger loops and using partial
results for validation.

4.2. Unified Analysis
A distinguishing feature of this approach is the unified analysis of both declarative
conditions and imperative code blocks within a single constraint system. Variables
introduced in code blocks flow through the dependency graph alongside outcome
variables; therefore, we extend the data flow graph construction step to include
these variables too (i.e. data flow edges can contain these new variables too), but
item dependencies and the topological sort is determined exactly the same way as
we discussed in Section 3.2.

Only code portions that ultimately influence a precondition or postcondition are
compiled; auxiliary computations are ignored. This selective compilation reduces
constraint complexity without affecting verification completeness.

The compiler supports a Python subset covering common questionnaire pat-
terns: arithmetic, comparisons, Boolean operators, if/elif/else, bounded for loops,
variable assignment, list literals, and attribute access [20]. Vector and matrix op-
erations map to Z3’s array theory.
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4.3. Evaluation
We converted 12 real-world questionnaires (26–303 pages) from their original im-
perative format into QML and ran the full validation hierarchy on each [19]. In
these traditional instruments, branching between questions is expressed impera-
tively through skip logic or explicit GOTO jump instructions that route the re-
spondent to a target question. The corpus spans major national surveys from
Canada, the U.S., and Europe, totalling over 4,200 items in 12 QML files. A com-
panion benchmark harness measures how validation time and memory scale with
questionnaire size and complexity [23]. We provide a summary extracted from this
benchmark in Section B.

Conversion methodology. Each questionnaire was converted through a three-
phase LLM-assisted pipeline. First, the source PDF was OCR-extracted and parsed
into a structured question inventory cataloguing every item, its response options,
and its imperative routing instructions (GOTO targets, interviewer checks, fil-
ter conditions). Second, the inventory was transformed into declarative QML by
systematically converting GOTO-based skip patterns into preconditions and in-
terviewer consistency checks into postconditions, following eight identified conver-
sion patterns (e.g., forward GOTOs become disjunctive preconditions over skipped
items; range-check interviewer instructions become postconditions on the preceding
question). Third, the resulting QML files were validated using the full four-level
hierarchy described in Section 3.

Structural equivalence. All GOTO-based routing was successfully expressed as
preconditions, confirming that traditional imperative questionnaires can be faith-
fully translated into the declarative model without loss of semantics or structure.
All 12 questionnaires passed the full validation hierarchy. This is expected—these
are mature, production instruments that have been refined over many survey cycles.

Postconditions and data consistency. Despite their structural soundness, the
questionnaires reveal a systematic gap in data quality assurance. Half of the 12
questionnaires contain zero postconditions—no range checks, no cross-field edits,
no logical constraints of any kind. Across the entire corpus, only 63 constraining
postconditions exist (1.5% of items), concentrated almost entirely in a single ques-
tionnaire. Traditional practice handles such inconsistencies through post-collection
data cleaning rather than preventing them at the point of collection. QML postcon-
ditions enable a shift from correction to prevention: at runtime the survey engine
enforces them, rejecting inconsistent responses before they enter the dataset.

5. Related Work
Questionnaire logic formalization. The formal study of questionnaires be-
gan with Picard [18], who established the mathematical foundations of question-
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naire theory as a branch of combinatorics. Fellegi and Holt [9] introduced edit
rules—consistency constraints on survey responses—and systematic procedures for
detecting and correcting violations. Willenborg [25] formalized routing structures
(skip patterns) and edit structures as separate concepts, later proving [26] that
checking their combined consistency is NP-complete. We extend this line from
post-collection cleaning to pre-deployment verification via SMT solving.

Graph-based approaches. Fagan and Greenberg [7] pioneered graph represen-
tations for skip patterns in census questionnaires. Bethlehem and Hundepool [1]
developed TADEQ, a comprehensive tool for documentation and analysis of elec-
tronic questionnaires, using directed graphs to visualize routing logic. Elliott [6]
derived basis path sets from questionnaire graphs for systematic testing. Schiopu-
Kratina et al. [24] formalized the relationship between questionnaires and labeled
directed graphs, emphasizing that edges must carry conditions. Our dependency
graph construction extends this tradition with SMT-based formal verification.

SMT solvers and bounded model checking. SMT solvers [2, 15, 16] combine
Boolean satisfiability with decision procedures for background theories (integers,
arrays, bitvectors). The DPLL(T) architecture [16] enables efficient handling of
constraints mixing Boolean logic with integer arithmetic—exactly the combination
questionnaire validation requires. Bounded model checking [3, 13] applies similar
techniques to verify software properties by unrolling loops to a bounded depth,
analogous to our loop unrolling strategy. Our compilation approach also parallels
symbolic execution [12].

6. Conclusion
We have presented a formal framework for questionnaire validation based on pre-
and postconditions inspired by Hoare Logic. The framework provides a four-level
validation hierarchy (per-item, global, cycle detection, and path-based) with the-
orems characterizing what each level can and cannot detect. A compiler bridges
practical questionnaire authoring in the QML language [22] with formal verification
via Z3 SMT constraints. Evaluation on 12 real-world questionnaires (over 4,200
items) confirmed that imperative designs translate faithfully into the declarative
model, that mature instruments pass structural validation as expected, and that
postconditions address a systematic gap by shifting data consistency enforcement
from post-collection cleaning to the point of collection.

Future work. We plan to extend language support (functions, exception han-
dling), develop incremental validation for efficient re-checking after modifications,
and apply the framework to domains beyond surveys—compliance audits, medi-
cal triage protocols, and safety-critical system checklists—where formally verified
conditional logic is essential.
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A. QML Source for the Running Example

Listing 1. QML specification for the income survey of
Example 3.11.

1 qmlVersion: "2.0"
2
3 questionnaire:
4 title: "Income Survey with Dead Code"
5
6 blocks:
7 - id: block1
8 kind: Group
9 title: "Financial Information"

10 items:
11 - id: q_income
12 kind: Question
13 title: "What is your annual income?"
14 input:
15 control: Editbox
16 min: 0
17 max: 1000000
18
19 - id: q_tax_bracket
20 kind: Question
21 title: "Select your tax bracket"
22 input:
23 control: Radio
24 labels:
25 1: "Low"
26 2: "Medium"
27 3: "High"
28 postcondition:
29 - predicate: q_income.outcome >= q_tax_bracket.outcome * 10000
30 hint: "Income must cover the tax bracket’s lower bound"
31
32 - id: q_low_income_assist
33 kind: Question
34 title: "Would you like information about low-income assistance programs?"
35 input:
36 control: Radio
37 labels:
38 0: "No"
39 1: "Yes"
40 precondition:
41 - predicate: q_income.outcome < 10000

B. QML Benchmark Data
To characterise how validation cost scales, a companion harness [23] generates syn-
thetic QML questionnaires that vary one structural axis at a time – item count,
number of preconditions, number of postconditions, and dependency depth – and
times the full per-item validation pipeline (Section 3.5). Each questionnaire is val-
idated in a fresh subprocess so that peak memory reflects Z3’s native allocations;
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reported values are medians of five repetitions after one warm-up run. The mea-
surements were collected with Z3 4.15.3 and the QML compiler [22] on a single
thread of an x86-64 Linux host.

Wall-clock time is split into three phases: YAML parse and AST construction,
constraint construction, and the Z3 solve; we plot parse, Z3 solve, and their sum
(total; constraint construction is the small remainder). Figure 1 shows that the Z3
solve dominates at scale and is by far most sensitive to the number of preconditions,
whereas dependency depth has negligible effect. Figure 2 shows peak memory
remains within a narrow ∼49–61 MiB band throughout, so validation is compute-
bound rather than memory-bound at these sizes.
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Figure 1. QML validation wall-clock time vs. questionnaire
size and complexity, decomposed into end-to-end total, YAML
parse/AST build, and the isolated Z3 solve. Each marker is the
median of five repetitions. The Z3 solve dominates and grows
steeply with the number of preconditions (panel b); item count
grows roughly linearly (a); postconditions grow mildly (c); depen-

dency depth is essentially free (d, note the 10−2 scale).
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Figure 2. Peak resident set size (whole-process RSS, including
Z3’s native allocations) for the same sweeps. Memory stays within
a narrow ∼49–61 MiB band across every configuration (axes start
at 0 to make the flatness explicit), confirming that validation is

compute-bound, not memory-bound, at these scales.
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Abstract. PowerLine Communication (PLC) represents a class of wired
communication technologies that leverage existing low- and medium-voltage
electrical wiring to transmit high-frequency modulated data signals, enabling
network connectivity without the need for dedicated cabling. While PLC
has gained significant traction as a practical alternative to Wi-Fi exten-
ders and Ethernet cabling for in-home broadband distribution, empirical
evidence on its real-world performance – particularly under diverse electri-
cal topologies and noise conditions—remains limited. This paper presents a
controlled measurement study of a commercial HomePlug AV2 1000 Mbps
kit (TP-Link TL-WPA8631P + TL-PA8010P), operated exclusively in wired
Ethernet mode with Wi-Fi disabled. We evaluate throughput and jitter across
multiple residential scenarios, including same-phase baseline measurements,
the use of power strips, and the presence of electromagnetic interference
(EMI) sources. Our findings show that although the data throughput pro-
vided by PLC technology falls short of the rates advertised by vendors, it is
nevertheless capable of maintaining stable communication over distances of
several tens of meters. Jitter remains at a negligible level, which makes the
technology suitable for multimedia transmission. Furthermore, neither the
use of power-strip extensions nor the presence of electromagnetic interference
introduces any substantial degradation in PLC-based data delivery. These
results highlight both the progress and the constraints inherent to PLC sys-
tems, providing useful insights for smart-home integrators and emphasizing
how strongly PLC performance depends on the characteristics of a home’s
electrical network.

Keywords: PLC, HomePlug AV2, in-home network, performance, smart home
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1. Introduction
PowerLine Communication (PLC) has emerged as a significant networking trend
over the past decade. While initially introduced in foundational networking cur-
ricula as an alternative connectivity method, its practical deployment has grown
substantially. PLC technology offers a viable solution for extending network cov-
erage across multiple floors or rooms without the need for invasive cabling, drilling
through reinforced concrete, or installing aesthetically intrusive cable ducts. After
observing the practical benefits of PLC deployments over a two-year period, and
noting the lack of empirical performance data in recent literature, this study aims
to examine the advantages and limitations of PLC technology through detailed,
industry-standard performance measurements [1–5, 7, 10].

PLC utilizes the existing electrical wiring infrastructure for data transmission [8,
9]. Deployment requires only a PLC kit containing at least two adapters. The first
adapter is connected to a wall socket and to the wired Ethernet network. A second
adapter is plugged into another outlet on the same electrical phase elsewhere in
the building, allowing it to receive the network signals injected by the first adapter
and provide connectivity—either wired or wireless, depending on the model.

Recent studies have highlighted the potential of PLC in smart grid and IoT
applications [2, 3], while others have focused on physical layer security and broad-
band service limitations [9, 10]. However, as noted by [8], real-world performance
can vary significantly based on local electrical topology. Our empirical results
align with the observations of Ribeiro et al. [6] regarding the complementary na-
ture of PLC and wireless systems. Specifically, our measurements demonstrate
that while throughput drops compared to nominal values, latency (jitter) remains
highly stable, making PLC a viable and reliable option for specific multimedia and
smart-home applications where traditional cabling is impractical.

2. Operating Principle of PLC Technology
PowerLine Communication operates by superimposing a high-frequency data sig-
nal onto the standard 230 V / 50 Hz AC mains voltage. Although these two
signals propagate along the same physical conductor, they occupy distinct fre-
quency domains and therefore do not interfere with one another. Mathematically,
the combined waveform is expressed as the sum of vmains, representing the 220 V
AC voltage, and vdata, representing the approximately 5 V data signal.

vmains(t) = Vpeak sin(ωt)

where Vpeak = 325 V (because 230 ·
√

2 ≈ 325 V) and ω = 2π · 50 rad/s

vmains(t) = 325 sin(2π · 50t)

vdata(t) = Vdata sin(ωdatat)
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where Vdata = 5 V and ωdata = 2π · 106 rad/s

vdata(t) = 5 sin(2π · 106t)

In a PLC-based communication:

vline(t) = vmains(t) + vdata(t)

vline(t) = 325 sin(2π · 50t) + 5 sin(2π · 106t)

They do not interfere because, in a linear system:

• signals at different frequencies are orthogonal, and

• they can be effectively separated using filters (e.g., OFDM – Orthogonal
Frequency Division Multiplexing).

Mathematically:

T∫︂

0

sin(2π50t) · sin(2π106t) dt = 0

While the mathematical orthogonality described above holds true in ideal lin-
ear systems, it is important to note that real-world electrical networks do not
perfectly meet these conditions. Practical power grids introduce non-linearities,
impedance variations, and background noise from various connected devices. Con-
sequently, real-world PLC systems must employ robust modulation techniques
(such as OFDM) and advanced error correction to mitigate these interferences.
This discrepancy between ideal theoretical models and practical network behavior
is the primary motivation for the empirical measurement approach presented in
this paper.

Figure 1 depicts the composite signal on the electrical network: the red compo-
nent has high amplitude and low frequency, whereas the blue component exhibits
low amplitude and high frequency.

Figure 1. PLC composite signal.
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Figure 2 presents the separation of the two signals on a logarithmic scale, high-
lighting the substantial spectral distance that enables concurrent, interference-free
transmission. On a linear scale, this distance would span several kilometers.

Figure 2. Separation of electrical and data signals during PLC
transmission.

3. Types of PLC Technologies
In recent years, several PLC standards have been introduced. Table 1 summarizes
the most relevant technologies. For our measurements, we utilized PLC adapters
based on the HomePlug standard.

Table 1. Types of PLC standards.1

Category Technology Frequency Range Data Rate Standards

Narrowband G3-PLC < 148.5 kHz (EU)
< 490 kHz (FCC) Long < 280 kbps

ITU-T G.9901
ITU-T G.9903
IEEE 1901.2

Mid-band HPLC 0.7 - 12 MHz Middle 150 kbps to 10
Mbps IEEE 1901.1

Broadband HomePlug 1.8 - 86 MHz Short < 1.3 Gbps IEEE 1901

Broadband G.hn 2.0 - 80 MHz Short < 1.5 Gbps

ITU-T G.9960
ITU-T G.9961
ITU-T G.9962
ITU-T G.9964

1Source: https://nessum.org
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4. Measurement Environment
We conducted all PLC-based measurements in the building of the Faculty of Infor-
matics at the University of Debrecen (see Figure 4). Our measurement environment
consisted of two computers, two PLC adapters, and a laptop (see Figure 3).

Figure 3. PCL measurement environment.

The computers ran a Linux Server operating system with the following config-
uration:

• Gigabyte Z77-D3H motherboard with Intel Z77 chipset

• Intel Core i7-3770K 3.50 GHz processor (4 cores / 8 threads)

• 4 × 4 GB 1600 MHz DDR3 SDRAM

• Intel quad Gigabit Ethernet server adapter

• Ubuntu 24.04 LTS (Noble Numbat), 64-bit

• Linux kernel: 6.8-generic

Initially, the PLC adapters were connected to adjacent electrical outlets. We
then progressively increased the distance between outlets to 3 m, 5 m, 10 m, 13 m,
and 20 m (see Figure 4).

Figure 4. Floor plan of the measurement environment. The nu-
merical values shown indicate the distances between the connectors.
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(a) TL-WPA8631P and
TL-PA8010P PLC adapters.

(b) Building a PLC-based
network.

Figure 5. TP-Link HomePlug AV2 1300 kit.

We performed baseline iperf3 measurements to assess UDP and TCP through-
put as well as UDP jitter. The left-side PC was configured as the iperf3 server,
and the right-side PC executed the following commands:

• iperf3 -u -b 1G -c 192.168.1.1 bidir -t 60

• iperf3 -c 192.168.1.1 -t 60 -i 1 -f m

• iperf3 -c 192.168.1.1 -u -t 60

Each measurement lasted 60 seconds and was repeated ten times. The Wi-Fi
modules of the PLC adapters were disabled during all tests. The laptop was used
for remote SSH management. In addition to baseline measurements, we evaluated
the impact of a basic power strip, a surge-protected power strip, and a microwave
oven on PLC transmission.

Further environment parameters:

• Location: Faculty of Informatics, University of Debrecen, IF-15 room (see
Figure 4)

• Ethernet cables: AMP Netconnect AMPTRAC CAT6 FTP

• Wall outlets: Legrand Valena

• Power strip (basic): no-name

• Surge-protected power strip: Intertek

• Microwave oven: Samsung M182DN, 850 W
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5. The TP-Link PLC Kit

For our experiments, we used the TP-Link HomePlug AV2 1300 kit (TL-WPA8631P
+ TL-PA8010P) (see Figure 5).

Device management can be performed via the tpPLC mobile application (see
Figure 6)—which requires Wi-Fi—or through a browser-based GUI (see Figure 7).
Both interfaces allow convenient configuration of essential parameters such as de-
vice naming, LED control, IP configuration, Wi-Fi settings, and firmware updates.

(a) Device list. (b) Device
settings.

(c) Connection
speed.

(d) Wi-Fi
settings.

Figure 6. PLC adapter management - tpPLC.

Figure 7. PLC adapter management – tp-link GUI.
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6. Measurement Results

6.1. Throughput
We began with UDP-based throughput tests to determine the maximum achiev-
able transmission rate without PLC adapters. Baseline measurements consistently
showed 956 Mb/s. TCP throughput, representing real-world file transfer perfor-
mance, was slightly lower at 941 Mb/s due to TCP header overhead. When PLC
adapters were introduced, throughput decreased to roughly half of the baseline and
then declined linearly as the distance increased (see Figure 8). The full results are
summarized in Table 2).
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Figure 8. PLC throughput over UDP.

Table 2. PLC throughput over UDP.

Wall
socket

distance
[m]

Baseline
Throughput
over UDP

[Mb/s]

Baseline
Throughput

over TCP
[Mb/s]

PLC
Throughput
over UDP

[Mb/s]

PLC
Throughput

over TCP
[Mb/s]

3 956 941 484 444
5 N/A N/A 433 378
10 N/A N/A 203 182
13 N/A N/A 147 136
20 N/A N/A 114 104

6.2. Jitter
Jitter measurements were performed exclusively using UDP, as TCP does not sup-
port jitter assessment. Baseline jitter averaged 0.021 ms and showed only minimal
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degradation at 20 m. Although jitter fluctuations increased with distance, all values
remained below 0.1 ms—well within the 30 ms QoS threshold for voice transmission
(see Figure 9 and Table 3).
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Figure 9. PLC jitter over UDP.

Table 3. PLC jitter over UDP.

Wall socket
distance [m]

Baseline Jitter
over UDP [ms]

PLC Jitter over
UDP [ms]

3 0.021 0.043
5 N/A 0.058
10 N/A 0.075
13 N/A 0.037
20 N/A 0.048

6.3. PLC Through a Basic Power Strip
We then evaluated PLC performance using a conventional no-name power strip.
Initially, both PLC adapters were connected to the strip; subsequently, only the
second adapter was connected while the strip itself was plugged into a wall outlet
3 m away. Results (see Figure 10, Figure 11 and Table 4) indicate only negligible
degradation in both throughput and jitter compared to the baseline.

Table 4. PLC jitter over power strip classic.

Wall socket PLC Throughput PLC Throughput PLC Jitter over
distance [m] over UDP [Mb/s] over TCP [Mb/s] UDP [ms]

0 488 464 0.099
3 473 433 0.063
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Figure 10. PLC throughput over power strip classic.

0 10 20 30 40 50 600

0.2

0.4

0.6

Time [s]

Ji
tt

er
[m

s]

UDP 0m
UDP 3m

Figure 11. PLC jitter over power strip classic.

6.4. PLC Through a Surge-Protected Power Strip
Next, we repeated the measurement series using a surge-protected power strip.
In this case, both throughput and jitter exhibited noticeably greater degradation.
Detailed results are provided in Figure 12, Figure 13 and Table 5.

Table 5. PLC throughput and jitter over power strip
with protection.

Wall socket
distance [m]

PLC Throughput
over UDP [Mb/s]

PLC Throughput
over TCP [Mb/s]

PLC Jitter over
UDP [ms]

0 489 463 0.077
3 396 302 0.103
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Figure 12. PLC throughput over power strip with protection.
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Figure 13. PLC jitter over power strip with protection.

6.5. PLC Operation Near a Microwave Oven
Finally, we tested the influence of a microwave oven on PLC data transmission.
Although some articles and anecdotal reports claim that microwave interference can
severely degrade PLC communication, our measurements indicate that its effect on
wired PLC transmission is minimal. Figure 14, Figure 15 and Table 6 presents the
measured results and averaged values.

Table 6. PLC throughput and jitter close to microwave oven.

Wall socket
distance [m]

PLC Throughput
over UDP [Mb/s]

PLC Throughput
over TCP [Mb/s]

PLC Jitter over
UDP [ms]

3 468 431 0.051
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Figure 14. PLC throughput close to microwave oven.
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Figure 15. PLC jitter close to microwave oven.

7. Conclusion and Future Work
PLC technology proved highly effective for data communication. Even at 20 meters,
it delivered adequate throughput and jitter values. Its performance characteristics
place it between wired Ethernet and wireless Wi-Fi [6, 11, 12]. PLC can reli-
ably support both IoT devices and latency-sensitive multimedia applications. The
technology is particularly suitable for older multi-story buildings where retrofitting
Ethernet cabling is impractical, Wi-Fi performance is suboptimal, drilling through
reinforced concrete is undesirable, or wall aesthetics must be preserved.

In future work, we plan to extend our PLC performance analysis to include
Wi-Fi environments.
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Abstract. This paper investigates whether entropy-based k-hop metrics cap-
ture aspects of structural node importance that are not emphasized by clas-
sical centrality measures. We compare degree and eigenvector centrality
with two entropy-based measures, Entropy-Weighted Redundancy (EWR)
and Normalized Entropy Density (NED), on three real-world Twitter-derived
networks with different sizes and connectivity patterns. Unlike conventional
centrality measures, EWR and NED characterize node importance through
the informational diversity and redundancy of the induced k-hop neighbor-
hood. The results show that entropy-based rankings differ substantially from
classical rankings and highlight structurally distinctive nodes whose local
environments exhibit different structural properties. Furthermore, the ob-
served rankings depend on both the underlying network topology and the
neighborhood radius. Overall, the study demonstrates that entropy-based
k-hop analysis provides a complementary perspective on structural node im-
portance and motivates further comparative evaluation on other classes of
networks.
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1. Introduction

Identifying important nodes in complex networks is a fundamental problem in
network science, with applications in social network analysis, communication sys-
tems, and online platforms [5, 10]. Classical approaches to node importance are
mainly based on centrality measures. Degree centrality captures immediate con-
nectivity, whereas eigenvector-based approaches assign greater importance to nodes
connected to other important nodes [4, 5, 10]. Although these measures are inter-
pretable and widely used [5, 10], they primarily emphasize direct connectivity or
recursively defined prominence and may fail to capture the structural heterogeneity
of a node’s wider environment [3, 16, 17]. This limitation is especially relevant in
large social and communication networks, where structurally distinctive actors are
not always the most visible hubs [16, 17]. Nodes with only moderate degree may
still occupy distinctive positions if they are embedded in neighborhoods with high
diversity, low redundancy, or unusual topology [1–3].

Information theory provides a natural framework for addressing this issue. Since
Shannon’s foundational work, entropy has been used to quantify uncertainty, diver-
sity, and structural complexity [15]. In network analysis, entropy-based approaches
have been used to describe graph organization, quantify structural variability, and
reveal properties that remain less visible under conventional connectivity-based
summaries [3, 16]. Recent studies also suggest that entropy-oriented methods can
highlight structurally distinctive nodes and network regions that may not be em-
phasized by traditional centrality measures [3, 16, 17].

Within this line of research, k-hop-based entropy formulations are particularly
attractive because they extend node analysis beyond immediate adjacency [1, 2]. In
our previous work, we introduced two hybrid entropy-based metrics for k-hop envi-
ronment analysis, Entropy-Weighted Redundancy (EWR) and Normalized Entropy
Density (NED), to characterize the structural sensitivity of node neighborhoods in
complex networks [1, 2]. These metrics distinguish nodes not only by neighbor-
hood size, but also by the informational arrangement and redundancy profile of that
neighborhood [1, 2]. Thus, entropy-based structural analysis complements rather
than replaces traditional centrality theory and provides an alternative perspective
on structural node importance [1–3, 5, 16, 17].

Although the present study focuses on social networks, similar approaches may
be investigated in educational and learning-related settings in future work.

In this paper, we investigate whether entropy-based k-hop metrics capture as-
pects of structural node importance that are not emphasized by classical centrality
measures. Using three Twitter-derived networks with different sizes and connectiv-
ity patterns, we compare degree centrality, eigenvector centrality, EWR, and NED
in order to examine how classical and entropy-based rankings differ. Our working
hypothesis is that entropy-guided measures may emphasize nodes whose surround-
ing environments exhibit different structural characteristics than those highlighted
by degree and eigenvector centrality. [1–3].

The main contribution of this work is twofold. First, we provide an empirical
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comparison between classical and entropy-based node-ranking strategies on real-
world Twitter-derived networks with different sizes and connectivity patterns [1, 2,
5, 10]. Second, we investigate whether entropy-based k-hop measures emphasize
structurally distinctive nodes and structural characteristics that are not reflected by
degree and eigenvector centrality alone. Overall, the study provides a comparative
perspective on structural node importance and motivates further evaluation of
entropy-based measures on other classes of networks and with additional baseline
methods.

2. Related Work
The identification of important nodes in networks has long been studied through
centrality theory. Foundational work established degree-, closeness-, and between-
ness-based interpretations of centrality in social networks [9, 10], while eigenvector-
type approaches extended node ranking to recursively defined importance [4, 5].
Related link-structure-based models, such as authority and hub formulations, fur-
ther showed that node importance depends not only on immediate connectivity
but also on broader structural context [13].

Although classical centrality measures remain fundamental, they do not cap-
ture every aspect of structural relevance. In many real-world networks, highly
connected nodes are not necessarily the only actors with important organizational
roles. Nodes with moderate degree may still occupy distinctive positions because
they connect heterogeneous neighborhoods or lie in locally non-redundant environ-
ments. This limitation has motivated broader work on influence estimation and
structural role detection, especially in online and social networks [17].

A natural way to address this limitation is through information-theoretic analy-
sis. Since Shannon’s foundational work [15], entropy-based ideas have increasingly
been adapted to graphs and networks. General graph-entropy frameworks were
introduced to quantify structural complexity [6], and later overviews established
entropy as a useful perspective for studying structural information in networks [7].
More recently, entropy-based methods have been applied directly to social-network
analysis. The Structural Entropy Index of Community (SEIC) was proposed for
Twitter communication analysis [3], community-based entropic methods were de-
veloped for identifying influential nodes across multiple social networks [16], and
structure-entropy formulations were shown to capture macro-level aspects of social-
network organization and stability [14].

The present work is most directly connected to recent k-hop-based entropy
formulations. In earlier work, hybrid entropy-based metrics for k-hop environ-
ment analysis, including Entropy-Weighted Redundancy (EWR) and Normalized
Entropy Density (NED), were introduced to characterize the structural sensitiv-
ity of node neighborhoods in complex networks [1, 2]. Unlike classical centrality
measures, these metrics characterize how the local environment of a node is orga-
nized within a broader structural radius by combining informational diversity and
redundancy. This makes them suitable for investigating whether structurally dis-
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tinctive nodes can be emphasized even when they are not highly ranked by degree
or eigenvector centrality.

Although the present study focuses on Twitter-derived social networks, similar
ideas may also be investigated in educational and learning-related settings in future
work [8, 11, 12].

In summary, the present work builds on three main lines of research: classical
centrality theory, entropy-based graph and social-network analysis, and recent k-
hop-based entropy formulations [1–3, 5–7, 9, 10, 16]. Its specific contribution is
an empirical comparison of classical centrality measures and entropy-based k-hop
metrics on multiple real-world Twitter-derived networks in order to investigate
whether these approaches capture different aspects of structural node importance.

3. Preliminaries and Metrics
Let G = (V, E) be a simple undirected graph, where V is the set of nodes and
E ⊆ V × V is the set of edges. For v ∈ V , let d(v) denote the degree of v. For a
fixed integer k ≥ 1, the k-hop neighborhood of v is

Nk(v) = {u ∈ V \ {v} | dist(v, u) ≤ k},

and the induced subgraph on Nk(v) is denoted by G[Nk(v)]. We write

nk(v) = |Nk(v)|, mk(v) = |E(G[Nk(v)])|.

3.1. Classical Baseline Measures
As baseline measures, we consider raw degree and eigenvector centrality. The
degree-based score of node v is

CD(v) = d(v).

Let A be the adjacency matrix of G. The eigenvector centrality score CE(v) is
defined by the dominant eigenvector x of A,

Ax = λmaxx,

where λmax is the largest eigenvalue of A, and CE(v) is the component of x corre-
sponding to v.

3.2. Entropy in the k-Hop Environment
Following the local-degree variant of the k-hop entropy framework, the entropy-
based metrics are computed from the degree distribution inside the induced sub-
graph G[Nk(v)]. For each u ∈ Nk(v), let dNk(v)(u) denote the degree of u within
G[Nk(v)]. If ∑︂

u∈Nk(v)

dNk(v)(u) > 0,
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we define
pu(v) =

dNk(v)(u)∑︁
w∈Nk(v)

dNk(v)(w) , u ∈ Nk(v),

and the Shannon entropy of the k-hop environment of v by

Hk(v) = −
∑︂

u∈Nk(v)

pu(v) log2 pu(v).

If Nk(v) = ∅ or G[Nk(v)] has no edges, then Hk(v) = 0.

3.3. k-Hop Redundancy / Density
The redundancy component is defined as the edge density of the induced k-hop
neighborhood:

Rk(v) =

⎧
⎪⎨
⎪⎩

mk(v)(︁
nk(v)

2
)︁ , if nk(v) ≥ 2,

0, if nk(v) < 2.

3.4. Entropy-Weighted Redundancy (EWR)
The Entropy-Weighted Redundancy of node v at radius k is

EWRk(v) = Hk(v) Rk(v).

3.5. Normalized Entropy Density (NED)
The Normalized Entropy Density of node v at radius k is

NEDk(v) =

⎧
⎪⎨
⎪⎩

Hk(v)
nk(v) Rk(v), if nk(v) > 0,

0, if nk(v) = 0.

Thus, NEDk(v) normalizes the entropy-redundancy score by the size of the induced
k-hop neighborhood.

3.6. Datasets
The empirical evaluation was conducted on three Twitter-derived networks with
different sizes and connectivity patterns. The Zandberg Twitter network repre-
sents a relatively small political communication network related to the Polish elec-
toral context. In contrast, the Foursquare-based Twitter network and the Twitter
network are substantially larger anonymized social networks obtained from the
publicly available Foursquare and Twitter Networks dataset available on Kaggle.
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The Foursquare-based network contains 44,832 nodes and 1,664,402 edges, whereas
the Twitter network contains 48,089 nodes and 16,303,641 edges.

In all datasets, nodes correspond to user accounts and edges represent so-
cial relationships between users. Following common practice in structural net-
work analysis, edge directions were ignored and the networks were converted into
simple undirected graphs. This representation enables direct comparison between
connectivity-based centrality measures and entropy-based k-hop metrics without
introducing additional asymmetries associated with directed interactions.

The Zandberg Twitter network is not fully connected; its largest connected com-
ponent contains 463 nodes out of the total 609 nodes. In contrast, the Foursquare-
based Twitter network and the Twitter network are connected. The analysis was
performed on the complete graphs and was not restricted to the largest connected
component.

The three networks exhibit markedly different structural characteristics. The
Zandberg network is sparse and relatively small, allowing qualitative interpreta-
tion of several publicly identifiable actors. The Foursquare-based network exhibits
a highly heterogeneous connectivity pattern, whereas the Twitter network is con-
siderably denser and provides a contrasting environment in which the behavior
of entropy-based measures can be examined under different connectivity regimes.
These differences make the three datasets suitable for investigating whether en-
tropy-based rankings emphasize structural characteristics that differ from those
highlighted by degree and eigenvector centrality.

4. Analysis
This section presents the empirical analysis of the three Twitter-derived datasets.
For each network, we compare the rankings obtained from degree centrality, eigen-
vector centrality, EWR, and NED for k = 2 and k = 3, with the aim of investigat-
ing whether entropy-based measures emphasize structural characteristics differently
from classical centrality measures.

4.1. Zandberg Twitter Network
We first consider the Zandberg Twitter network, the most interpretable dataset
in this study because several accounts are publicly identifiable. The network is
related to the Polish political landscape in an election-related context and con-
tains 609 nodes and 843 edges; its largest connected component has 463 nodes, so
the graph is not fully connected. Both degree and eigenvector centrality identify
@ZandbergRAZEM and @__Lewica as the most prominent actors. By contrast,
EWR and NED place @pawel_baka among the highest-ranked nodes despite its
lower visibility under degree and eigenvector centrality. Interestingly, this account
belonged to the spokesperson of the Razem party. Although the present analysis
does not validate functional influence, this observation illustrates that entropy-
based rankings may emphasize actors whose structural characteristics differ from
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those highlighted by connectivity-based measures. The relatively small differences
between the k = 2 and k = 3 rankings suggest that the entropy-based rankings are
fairly stable with respect to the neighborhood radius.

Figure 1. Sorted degree sequence of the Zandberg Twitter network.

Figure 1 shows the sorted degree sequence of the Zandberg Twitter network.
Only a few nodes occupy hub-like positions, whereas the majority of nodes have
low degree, indicating a heterogeneous interaction structure.

Tables 1–3 summarize the top-10 rankings of the Zandberg Twitter network
under the classical and entropy-based measures. Table 1 shows that @Zandber-
gRAZEM and @Lewica are the most prominent actors according to degree and
eigenvector centrality. By contrast, Tables 2 and 3 place @pawel_baka at or near
the top of the entropy-based rankings. The strong overlap between Tables 2 and 3
indicates that the entropy-based rankings are relatively stable with respect to the
neighborhood radius in this network.

Table 1. Top 10 nodes by classical measures in the Zandberg
Twitter network.

Rank Degree Eigenvector
Node Value Node Value

1 @ZandbergRAZEM 91 @Lewica 1.0000
2 @PolskieRadio24 69 @PiotrNo66983662 0.7954
3 @CzerwonyKat 63 @ZandbergRAZEM 0.7630
4 @Lewica 50 @rorek 0.7513
5 @Amigant 45 @CzerwonyKat 0.5009
6 @rorek 39 @PolskieRadio24 0.4939
7 @partiarazem 34 @wlodekczarzasty 0.4132
8 @PiotrNo66983662 26 @Amigant 0.2780
9 @wlodekczarzasty 24 @AMZukowska 0.2233
10 @marianapiorkows 20 @GiertychRoman 0.1357
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Table 2. Top 10 nodes by entropy-based measures (k = 2) in the
Zandberg Twitter network.

Rank EWR (k = 2) NED (k = 2)
Node Value Node Value

1 @pawel_baka 1.5850 @pawel_baka 0.5283
2 @maggiepython 1.3333 @BuurtBelangen 0.5000
3 @SurowKarol 1.2027 @kasiababis 0.5000
4 @Lewica_News 1.1232 @BNDeStem 0.5000
5 @DemSocjalizm 1.0863 @mkljczk 0.5000
6 @adamidmark 1.0610 @Bartek19953 0.5000
7 @BuurtBelangen 1.0000 @21lupus 0.5000
8 @damian_krawczuk 1.0000 @_surdackiH 0.5000
9 @boch_adam 1.0000 @RazemInt 0.5000
10 @jakubkaldunski 1.0000 @BatugWojciech 0.5000

Table 3. Top 10 nodes by entropy-based measures (k = 3) in the
Zandberg Twitter network.

Rank EWR (k = 3) NED (k = 3)
Node Value Node Value

1 @pawel_baka 1.5850 @pawel_baka 0.5283
2 @jakubkaldunski 1.0000 @mkljczk 0.5000
3 @Europiara 1.0000 @Bartek19953 0.5000
4 @SWasilkowski 1.0000 @Strykasia 0.5000
5 @BNDeStem 1.0000 @JablonskiDoktor 0.5000
6 @mkljczk 1.0000 @s_urbanowicz 0.5000
7 @Bartek19953 1.0000 @wziolek_sj 0.5000
8 @RazemInt 1.0000 @1972tomek 0.5000
9 @Strykasia 1.0000 @jzpinski 0.5000
10 @JablonskiDoktor 1.0000 @CDA_Breda 0.5000

4.2. Foursquare
The second dataset is the Foursquare-based Twitter dataset. Degree and eigen-
vector centrality show strong overlap, indicating a relatively consistent notion of
prominence. In contrast, the entropy-based rankings differ both from the classi-
cal rankings and from one another. EWR (k = 2) is notably distinct from NED
(k = 2) and from the k = 3 rankings, whereas NED (k = 2), EWR (k = 3), and
NED (k = 3) show substantial overlap. In particular, @Uma appears prominently
in the entropy-based rankings but not in the classical ones, while @Tom exhibits
the opposite behavior. The presence of @Kevin only in EWR (k = 2) further
illustrates that different metrics and neighborhood radii may emphasize different
structural characteristics.

Figure 2 shows the sorted degree sequence of the Foursquare-based Twitter
dataset. The sequence is highly skewed, with a small number of highly connected
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Figure 2. Sorted degree sequence of the Foursquare-based Twitter
dataset.

nodes and a long tail of low-degree nodes. This indicates a heterogeneous network
structure in which connectivity is concentrated in relatively few actors. Such a pat-
tern provides a useful setting for comparing classical and entropy-based rankings.

Tables 4–6 summarize the top-10 rankings of the Foursquare-based Twitter
dataset under the classical and entropy-based measures. The classical rankings in
Table 4 exhibit substantial overlap, indicating a relatively stable notion of promi-
nence. In contrast, the entropy-based rankings in Tables 5 and 6 differ consider-
ably from the classical rankings and partly from one another. A notable example
is @Uma, which appears prominently in the entropy-based rankings but not in
the classical ones, whereas @Tom is highly ranked by degree and eigenvector cen-
trality but absent from the entropy-based top lists. Overall, these results indicate
that entropy-based rankings may emphasize structural characteristics that are not
highlighted by degree and eigenvector centrality.

Table 4. Top 10 nodes by classical measures in the Foursquare-
based Twitter dataset.

Rank Degree Eigenvector Centrality
Node ID Value Node ID Value

1 @Tom 4105 11415 @Tom 4105 1.0000
2 @Alice 4297 10817 @Charlie 4326 0.9731
3 @Bob 4231 10007 @Alice 4297 0.9621
4 @Charlie 4326 9975 @Bob 4231 0.9614
5 @David 48 8639 @David 48 0.9384
6 @Emma 4289 8553 @Frank 4142 0.9297
7 @Frank 4142 8169 @Emma 4289 0.9257
8 @Grace 39 7712 @Grace 39 0.9204
9 @Hannah 4299 7449 @Ivan 4208 0.9005
10 @Ivan 4208 7287 @Jack 4146 0.8899
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Table 5. Top 10 nodes by entropy-based measures (k = 2) in the
Foursquare-based Twitter dataset.

Rank EWR (k = 2) NED (k = 2)
Node ID Value Node ID Value

1 @Kevin 31106 2.3072 @Uma 40102 0.5000
2 @Laura 44011 2.2980 @Victor 43638 0.5000
3 @Mike 42036 2.0403 @Wendy 42264 0.3333
4 @Nina 21647 1.8982 @Xavier 38481 0.3333
5 @Oscar 36293 1.8683 @Yara 24008 0.3333
6 @Paul 21648 1.7988 @Zane 41146 0.3176
7 @Quinn 39322 1.7869 @Adam 32205 0.2241
8 @Rachel 44064 1.7869 @Bella 36512 0.2241
9 @Steve 38127 1.7184 @Chris 43078 0.2241
10 @Tina 42150 1.6820 @Diana 33438 0.2241

Table 6. Top 10 nodes by entropy-based measures (k = 3) in the
Foursquare-based Twitter dataset.

Rank EWR (k = 3) NED (k = 3)
Node ID Value Node ID Value

1 @Uma 40102 0.9756 @Victor 43638 0.0181
2 @Xavier 38481 0.8316 @Uma 40102 0.0127
3 @Ethan 26933 0.8019 @Xavier 38481 0.0121
4 @Yara 24008 0.6838 @Oliver 41184 0.0079
5 @Noah 14627 0.5650 @Liam 41186 0.0079
6 @Victor 43638 0.5618 @Lucas 26935 0.0070
7 @Oliver 41184 0.5509 @Noah 14627 0.0061
8 @Liam 41186 0.5509 @Ethan 26933 0.0060
9 @Lucas 26935 0.5204 @Wendy 42264 0.0039
10 @Wendy 42264 0.4938 @Yara 24008 0.0038

4.3. Twitter
The third dataset is the Twitter dataset. In this considerably denser network,
degree and eigenvector centrality exhibit relatively little overlap in their top-10
rankings, suggesting that these measures emphasize different aspects of node promi-
nence. Their highest-ranked nodes are also absent from the entropy-based rankings,
indicating that the entropy-based measures emphasize different structural charac-
teristics. At the same time, EWR (k = 2) and NED (k = 2) are highly similar,
whereas the k = 3 rankings introduce partly different nodes. In particular, nodes
such as @Luke and @Caleb appear in EWR (k = 3), while NED (k = 3) retains
nodes already highlighted at k = 2, including @Lucas and @Matthew. This illus-
trates that the rankings produced by EWR and NED are influenced by the choice
of neighborhood radius.

Figure 3 shows the sorted degree sequence of the Twitter dataset.
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Figure 3. Sorted degree sequence of the Twitter dataset.

Tables 7–9 summarize the top-10 rankings of the Twitter dataset under the clas-
sical and entropy-based measures. The classical rankings in Table 7 show relatively
little overlap, indicating that degree and eigenvector centrality emphasize different
aspects of node prominence in this dense network. By contrast, Table 8 shows
strong agreement between EWR and NED for k = 2, whereas Table 9 introduces
partly different nodes at k = 3. In particular, nodes such as @Luke and @Caleb
appear in EWR (k = 3), while NED (k = 3) retains nodes already highlighted
at lower radius, including @Lucas and @Matthew. Taken together, these results
indicate that entropy-based rankings may emphasize structural characteristics that
are not highlighted by degree and eigenvector centrality.

Table 7. Top 10 nodes by classical measures in the Twitter dataset.

Rank Degree Eigenvector Centrality
Name ID Value Name ID Value

1 @Oliver 4639 18577 @James 7812 1.0000
2 @Jack 4374 14804 @Henry 4367 0.9914
3 @Harry 4368 14105 @Leo 7383 0.9815
4 @George 4741 12110 @Alfie 7123 0.9800
5 @Noah 268 11968 @Joshua 7994 0.9798
6 @Charlie 4919 11474 @Freddie 10998 0.9786
7 @Jacob 5427 11079 @Archie 11468 0.9770
8 @Thomas 4303 10817 @Theo 12062 0.9756
9 @Oscar 2091 10567 @Isaac 11947 0.9756
10 @William 9155 10565 @Alexander 7873 0.9744
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Table 8. Top 10 nodes by entropy-based measures (k = 2) in the
Twitter dataset.

Rank EWR (k = 2) NED (k = 2)
Name ID Value Name ID Value

1 @Lucas 41893 1.0000 @Lucas 41893 0.5000
2 @Mason 46367 1.0000 @Mason 46367 0.5000
3 @Ethan 33250 1.0000 @Ethan 33250 0.5000
4 @Logan 38746 0.8962 @Logan 38746 0.2241
5 @Daniel 45437 0.8962 @Daniel 45437 0.2241
6 @Matthew 29604 0.8962 @Matthew 29604 0.2241
7 @Aiden 43465 0.8155 @Samuel 26985 0.1600
8 @Joseph 43466 0.8155 @David 39059 0.1600
9 @Samuel 26985 0.8000 @Aiden 43465 0.1359
10 @David 39059 0.8000 @Joseph 43466 0.1359

Table 9. Top 10 nodes by entropy-based measures (k = 3) in the
Twitter dataset.

Rank EWR (k = 3) NED (k = 3)
Name ID Value Name ID Value

1 @Carter 10347 0.2324 @Lucas 41893 0.000124
2 @Owen 6358 0.2204 @Matthew 29604 0.000062
3 @Dylan 6635 0.2150 @Ryan 45838 0.000011
4 @Luke 42707 0.1979 @Caleb 7171 0.000011
5 @Gabriel 7155 0.1966 @Nathan 45412 0.000010
6 @Anthony 7596 0.1964 @Carter 10347 0.000009
7 @IsaacJr 12018 0.1863 @Adrian 31762 0.000008
8 @Grayson 21728 0.1794 @Christian 10149 0.000008
9 @Wyatt 11173 0.1778 @Aaron 11911 0.000008
10 @Caleb 7171 0.1764 @Luke 42707 0.000007

5. Conclusion and Future Work
This paper investigated whether entropy-based k-hop metrics emphasize structural
characteristics that are not highlighted by classical centrality measures. Using three
Twitter-derived networks with different sizes and connectivity patterns, we com-
pared degree centrality and eigenvector centrality with two entropy-based measures,
Entropy-Weighted Redundancy (EWR) and Normalized Entropy Density (NED).
Across all analyzed datasets, the results showed that entropy-based rankings often
differ substantially from classical rankings and may emphasize structural charac-
teristics that are not highlighted by degree or eigenvector centrality alone.

The empirical analysis further showed that the behavior of EWR and NED
depends on both the underlying network topology and the neighborhood radius. In
the Zandberg network, the entropy-based rankings were relatively stable across k =
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2 and k = 3, whereas in the larger datasets the differences between configurations
were more pronounced.

Overall, the results indicate that entropy-based rankings provide a comple-
mentary perspective to connectivity-based measures, particularly when different
structural characteristics of node neighborhoods are of interest. Future studies
should extend the empirical analysis to other network classes and additional base-
line measures, investigate the influence of the neighborhood radius for a wider
range of k values, and perform quantitative comparisons using Spearman correla-
tion, Kendall’s τ , top-k overlap, and Jaccard similarity. These investigations may
contribute to a more comprehensive characterization of structural node importance
in complex networks.
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Abstract. This study analyzes local scientific collaboration through weighted
co-authorship networks of two Hungarian university faculties using the do-
mestic scientific bibliography (MTMT) data. Researchers are modeled as
nodes and joint publications define weighted edges. Network metrics and a
permutation-based statistical framework are applied to compare structures.
While some global properties are similar, significant differences appear in
degree and strength distributions, indicating distinct collaboration patterns
independent of faculty size. The results highlight structural features that
cannot be captured without a network-based approach. These insights are
valuable for institutional strategy and decision-making in fostering collabo-
ration.
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1. Introduction
Scientific collaboration networks have become a central object of study for un-
derstanding how knowledge is produced, disseminated, and validated within the
scientific system. By modeling researchers and their joint publications as evolving
graphs, publication networks make it possible to quantify patterns of cooperation,
specialization, and interdisciplinary exchange at multiple scales. These networks
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capture not only who collaborates with whom, but also how scientific communi-
ties emerge, fragment, and reorganize over time in response to funding structures,
institutional incentives, and emerging research topics [9, 10].

State-of-the-art research in this area combines large-scale bibliographic data
with methods from network science, scientometrics, and computational social sci-
ence. Recent advances include the identification of core–periphery structures, the
detection of research communities and topical clusters, and the modeling of collabo-
ration dynamics using temporal and multilayer networks. In particular, publication
networks are increasingly used to study productivity, impact, and inequality in sci-
ence, as well as to evaluate how collaborative structures influence innovation and
the diffusion of ideas across disciplinary boundaries [5, 7].

Related works differ in many ways. They use different data sources e.g., Scopus
[3], Web of Science [1], MedPub [10], arXiv [6], Google Scholar [4]. In these works,
several problems are solved in different ways. For example, in some data sources,
the authors cannot be identified unambiguously due to the different spellings or
abbreviations of their names. Sometimes, each differently spelled name appearing
in publications is considered a unique author, or authors with the same initials are
considered identical authors [10]. We may face a similar problem with affiliations,
if they are even specified in the databases. Some databases are not validated (e.g.,
Google Scholar), others cover only a narrow set of indexed journals (e.g., Scopus
or WoS), but not all the publications of a given author.

In this work, we investigate the collaboration of faculty members of Hungarian
universities using co-authorship networks of local scientific communities. Our goal
is to quantify, understand, and visualize inter-personal and inter-department sci-
entific collaborations through publications affiliated with the chosen universities.
Earlier work has shown that node characterization based on the local graph envi-
ronment may reveal structural properties that are not captured by purely global
network measures [2].

2. Methodology

2.1. Data source
The present study builds on the publication data from the Hungarian Scientific
Bibliography called MTMT [8], which provides a uniquely suitable data source
for the analysis of scientific collaboration networks within the Hungarian research
ecosystem. It is a national bibliography database for authentic recording and pre-
sentation of the results of domestic scientific research. MTMT records all scientific
works, not just indexed articles. It has multiple levels of data validation: author
upload and institutional review. Its use is mandatory, in a sense, so the majority
of the Hungarian scientists have up-to-date MTMT accounts.

The MTMT MyCite2 API provides programmatic access to the database, en-
abling large-scale, automated retrieval of structured bibliographic and scientomet-
ric data. Through its RESTful interface, users can query publication records,
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author profiles, and citation links. The API facilitates reproducible data collec-
tion workflows by allowing parameterized queries, filtering by document types or
publication years. Importantly, the standardized and curated nature of MTMT
data, combined with the API’s machine-readable output formats (e.g., JSON),
significantly reduces the need for post hoc data cleaning and disambiguation.

This work focuses on the two organizing faculties of the 13th International
Conference on Applied Informatics (ICAI2026), namely:

• Faculty of Informatics, University of Debrecen (UD),

• Faculty of Informatics, Eszterházy Károly Catholic University (EKCU).

They are faculties of prestigious eastern Hungarian universities. At the time
of the study (December 2025), the MTMT profile identifiers of full-time lectur-
ers/researchers at the above universities were collected and the publication records
of these authors were downloaded and filtered by an in-house developed Python
program.

The study only considered those publication types that represent significant
scientific work and extensive publications:

• Book (e.g., Monography, Conference volume),

• Book portion (e.g., Book chapter, Essay),

• Journal article (e.g., Short, Summary, Multi-authored),

• Conference paper (e.g., proceedings paper).

Shorter and simpler publications (conference abstracts, reviews, critiques, theses,
repertoires, etc.) were ignored.

The data gathering, the cleaning, the network formation, and its analysis are
implemented by self-developed Python programs using the NumPy package. The
visualization of different co-authorship networks is made using the Cytoscape 3.10.1
software.

2.2. Network creation
From the downloaded publication records, the author IDs are extracted for each
publication. These authors’ lists of publications served as the basis of our local
network definition. A G = (V, E, W ) weighted graph is defined for each organi-
zation, where a vi ∈ V node represents an active full-time researcher of the given
faculty at the end of 2025. Nodes vi and vj are connected by an edge eij ∈ E,
when there is at least one publication in the filtered data set co-authored by both
vi and vj researchers. The scientific collaboration of two authors during their full
career is characterized by the number of joint publications, which is represented by
the wij ∈ W weight of the eij edge. It is important to highlight that the graphs
contain only the current employees (no retired, deceased or terminated employees),
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but all of their publications are considered, even if the author used to have a dif-
ferent affiliation earlier. The ki degree of node i is the number of linked nodes.
The si strength of node i is determined as the sum of wij weights of the connected
edges, so si =

∑︁
j wij . This definition means that both the large average number

of co-authors and the total number of co-authored publications increase this si

collaboration strength of the author. The cardinality of the nodes is denoted by
N = |V |, the cardinality of edges is denoted by L = |E|, and all wij weights are
positive integers. The G graph is undirected (thus wij = wji) and loopless (so
eii /∈ E).

In some analyses, the departments of the authors are also considered, defining
disjoint subsets of nodes, denoted as V d ⊂ V . In this case, the set of edges can
be divided into two disjoint subsets E = Einter

⋃︁
Eintra, where Einter means

inter-department edges linking authors of different departments and Eintra means
intra-department edges connecting authors from identical department.

2.3. Statistical network comparison
In G1 = (V1, E1, W1) and G2 = (V2, E2, W2) weighted networks of different sizes
and topologies, we determine whether the distribution of a network quantity is
truly different, or whether the difference can be explained purely by the network
structure and sampling. Let γi(v) denote a node metric for v ∈ Vi node (or an
edge feature for e ∈ Ei edge). The observed differences between networks can be
defined by the ⟨γi(v)⟩ averages of the given characteristics within the graphs as

∆obs = ⟨γ1(v)⟩ − ⟨γ2(v)⟩ = 1
|V1|

∑︂

v∈V1

γ1(v) − 1
|V2|

∑︂

v∈V2

γ2(v).

Null hypothesis: the values of the given characteristics can be exchanged within
the network so that the topology is preserved and the two networks come from the
same generating mechanism. Our perturbation null model has the following steps:

1. We fix the structure of the G1 and G2 graphs.

2. We collect all the node (edge) characteristics:

Γ = {γ1(v) : v ∈ V1} ∪ {γ2(v) : v ∈ V2}.

3. We randomly redistribute these values of characteristics among the nodes
(edges), so that G1 and G2 each receive the same number of values as they
originally had.

This is a conditional random sample, and we calculate this for each permutation:
∆(k) =

⟨︂
γ

(k)
1

⟩︂
−

⟨︂
γ

(k)
2

⟩︂
This gives the null distribution: ∆null = {∆(1), . . . , ∆(M)}.

The statistical p-value can be defined as p = P (
⃓⃓
∆null

⃓⃓
≥ |∆obs|) or empirically

p ≈ 1
M

M∑︂

k=1
1(

⃓⃓
∆k

⃓⃓
≥ |∆obs|).

274 Proceedings of the ICAI 2026274 Proceedings of the ICAI 2026274 Proceedings of the ICAI 2026



ICAI 2026 Local Scientific Collaboration Networks: A Case Study

If p < 0.05, then the difference cannot be explained solely by the structure of the
network and the random characteristics distribution.

3. Results
First, a broad scope network analysis was performed, where not just the faculty
members are considered, but all the co-authors of the faculty members, so the node
set is extended. The network of the Faculty of Informatics, University of Debrecen
(hereafter UD) contains 855 nodes (including the 84 faculty members) and 4605
links connecting them based on 5184 considered publications. The network of the
Faculty of Informatics, Eszterházy Károly Catholic University (hereafter EKCU)
contains 372 nodes (including the 40 faculty members) and 1065 links connecting
them based on 1807 considered publications. However, the network of UD is much
larger, network analysis shows that the ⟨k⟩ average degree of nodes representing the
average number of co-authors of a researcher is not so different, for UD ⟨k⟩ = 22,
for EKCU ⟨k⟩ = 18. It shows that the personal connections of the researchers
are not purely determined by the size of an organization. Naturally, the degree
distribution is not uniform; there are hubs in the networks. An interesting finding
emerges from this study: the deans of both faculties have the most co-authors,
despite the fact that their academic careers are far from the longest.

The remaining part of the investigation focuses on only the local co-authorship
networks, covering only the researchers of the given faculty. This restriction causes
smaller networks and easier visualization. The network of UD consists of N = 84
nodes and L = 270 links, as it is illustrated in Figure 1a, while the network of
EKCU has N = 40 nodes and L = 88 links, see Figure 1b.

(a) UD (b) EKCU

Figure 1. Local co-authorship network of faculties. The area of
nodes is proportional to the number of publications of the given au-
thor, and their colors represent the departments. The width of links
is proportional to the edge weight, and different shades represent

the intra- and inter-department connections.
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As Figure 1 shows, there are tiny nodes of mainly young researchers with only
a few publications, but there are big nodes as well, illustrating a large number of
publications of productive researchers. An exceptionally large node is also visible
in the UD network, representing a researcher frequently participating in nuclear
physics projects (however, the faculty is related to computer science), where a large
number of papers with many authors are common. (This author has 1822 publi-
cations, nevertheless the average number of considered publications for other UD
scientists is just 51.) Wide links between two nodes show a lot of joint publications,
illustrating strong collaborations. The maximum belongs to an author pair having
52 jointly written papers.

These local networks are not connected, since the majority of the nodes form
a giant component, but there are isolated nodes without connections to others.
It means that some of the researchers have never published together with others
from the given faculty. The size of the isolated node is not always small, so we
cannot assume these represent young scientists. One of the isolated nodes at UD
has more than 140 publications affiliated with the given organization over decades,
but none of them is co-authored by other faculty members, because this researcher
has completely different research topics than others. An experienced researcher of
the EKCU has 33 publications, but has not got links to other nodes, because he was
recently hired on the faculty. The ratio of the giant component in both networks
is close to 90%, however, the size of UD network is twice that of the EKCU.

Further network characteristics are also calculated for both local collaboration
networks in order to highlight differences or similarities between these graphs [12].
The features are summarized in the Table 1.

Table 1. The main network characteristics for the studied
co-authorship networks.

Network metrics UD EKCU
Number of Components 7 6

Giant Component 92.9% 87.5%
Characteristic Path Length 2.658 2.582

Clustering Coefficient 0.419 0.513
Density 0.078 0.113

Average Degree 6.923 5.029
Minimum Degree 0 0
Maximum Degree 30 12
Network Diameter 6 5
Network Radius 3 3
Heterogeneity 0.725 0.696
Centralization 0.308 0.217

The average degree, the density, the centralization, or the average clustering
coefficient are very different for these organizational networks. At the same time,
the characteristic path length, the network radius, or the heterogeneity is almost the
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same. As one can see, from a given aspect, the networks are similar, but from other
aspects, they are quite different. In order to determine whether these differences are
caused by only the different size of the networks or these are structural differences,
a statistical comparison of these weighted networks is needed.

The statistical comparison of weighted networks requires methods that account
for the inherent dependence structure of relational data. To evaluate whether
two networks differ in their weight- or structure-related properties, we adopt a
permutation-based framework [11] that avoids the independence assumptions of
classical parametric tests. Let G1 and G2 denote two weighted networks, and let
T (G) represent a network-level statistic of interest, such as the mean edge weight,
mean node degree, or mean node strength. The observed difference between the
networks is defined as ∆obs = T (G1) − T (G2). To assess statistical significance, we
construct an empirical null distribution by pooling the relevant values (e.g., edge
weights or node-level measures) from both networks and repeatedly permuting
them while preserving the original sample sizes. For each permutation, the statis-
tical difference is recomputed, yielding a distribution of differences expected under
the null hypothesis that both networks arise from the same underlying distribution.
The two-sided p-value is then estimated as the proportion of permuted differences
whose absolute value exceeds that of the observed difference. This procedure is
applied separately to each network metric, resulting in independent significance
assessments for wij edge weights, ki node degrees, and si node strengths. The box
plot of these 3 characteristics is shown in Figure 2.

(a) Edge weights. (b) Node degrees. (c) Node strengths.

Figure 2. The box plot of the values of different network metrics
for UD (orange) and EKCU (darkblue).

The box plots represent different statistical samples, but the statistical signifi-
cance of the differences of metrics for these two compared weighted co-authorship
networks can be captured by the p-values. This investigation revealed that link
weights in these two networks there are no relevant differences (p = 0.1915). How-
ever, the collaboration networks of UD and EKCU are significantly different from
the point of view of the node degrees (where p = 0.0291) and node strength (where
p = 0.0121).

The researchers of a given department can be grouped together into one node
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representing the department within the faculty. In this way, one can focus on only
the e ∈ Einter inter-department links. Results are illustrated in Figure 3.

(a) UD (b) EKCU

Figure 3. Department-level co-authorship network of faculties.
The area of nodes is proportional to the number of publications that
belong to the given department. The width of links is proportional

to the edge weight.

One of the most conspicuous differences between the two faculties is that, al-
though the UD network is much larger than the EKCU network, the latter is still
divided into more departments. This results in smaller departments with far fewer
publications. One can see in Figure 3, that there are strongly and weakly connected
departments in both faculties. This can be explained on the one hand by the differ-
ent research areas of the departments, but we should also not ignore the fact that
only a few research collaborations belonging to different departments can dominate
the collaborations between departments that seem significant at first glance. In the
latter, the restructure of the organization based on research interest could strongly
influence inter-department collaborations.

4. Conclusions
This study set out to investigate the structure and characteristics of local scien-
tific collaboration networks at the faculty level, with a particular focus on two
Hungarian institutions (both faculties have the same research fields, namely com-
puter science). By constructing weighted co-authorship networks from the Hun-
garian MTMT database, the research aimed to quantify interpersonal and inter-
departmental collaboration patterns, and to reveal structural similarities and dif-
ferences between the examined academic communities.

Methodologically, the work combined curated bibliographic data with tools from
network science and statistical analysis. Co-authorship relations were modeled as
weighted, undirected graphs, where edge weights captured the intensity of collabo-
ration. In addition to standard network measures (e.g., degree, strength, clustering
coefficient), a permutation-based statistical framework was applied to rigorously
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assess whether observed differences between networks could be attributed to struc-
tural effects or random variation. The analysis was performed at multiple levels,
including extended collaboration networks, restricted local faculty networks, and
aggregated department-level structures.

The results demonstrate that, despite differences in institutional size, certain
global properties – such as characteristic path length and heterogeneity – are re-
markably similar across the two faculties. At the same time, significant differences
were identified in key structural metrics, including node degree and node strength
distributions, indicating distinct collaboration patterns. The presence of hubs, the
dominance of a giant component alongside isolated researchers, and the variability
in inter-departmental connectivity all highlight the complex and heterogeneous na-
ture of scientific collaboration at the local level. Furthermore, the analysis revealed
that apparent differences in simple descriptive metrics (e.g., density or average de-
gree) cannot be fully understood without statistical validation that accounts for
network structure.

Importantly, these insights are inherently tied to the network-based approach.
Many of the observed phenomena–such as the identification of central actors, the
role of strong and weak ties, the structure of collaboration components, or the
significance of inter-departmental links–cannot be captured by traditional, non-
relational statistical methods. The network perspective enables the simultaneous
consideration of individual behavior and system-level structure, thereby uncovering
patterns that would otherwise remain hidden.

Beyond methodological contributions, the findings have practical relevance. Un-
derstanding the structure of local collaboration networks can support institutional
strategy, for example, by identifying key researchers, potential collaboration gaps,
or structurally isolated individuals and groups. At the department level, insights
into interconnections may inform organizational design, interdisciplinary initia-
tives, and resource allocation. Consequently, such analyses can provide valuable
input for local academic communities, faculty leadership, and higher-level decision-
makers seeking to foster more effective and integrated research environments.
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