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Research article @ 018
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CROSS-DOMAIN DEEP TRANSFER LEARNING
FOR BRANCHING STRUCTURE SEGMENTATION

F. Shariaty = ®, V.A. Pavlov ®, E.A. Medvedeva

Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation

B shariaty3@gmail.com

Abstract. Segmentation of thin, branching structures in volumetric imaging is a challenging
computer vision task due to low contrast, strong class imbalance, and large variability in
scale and topology. This work investigates a cross-domain deep transfer learning strategy that
exploits morphological similarity between vascular-like branching patterns in different imaging
modalities. Models are first pre-trained on the data-rich FIVES retinal vessel dataset and then
fine-tuned on a subset of the NSCLC-Radiogenomics chest CT dataset containing annotations
of branching structures. We evaluate four U-Net-based architectures — U-Net, Attention U-Net,
R2 U-Net and Dense U-Net — and compare them with DeepLabV3 models using ResNet50
and ResNet101 backbones. A unified training pipeline with multi-stage intensity and contrast
normalization is employed, along with a 10-fold stratified cross-validation protocol. Performance
is assessed using accuracy, precision, Dice (F1 score), and area under the ROC curve (AUC).
Cross-domain transfer learning leads to a substantial improvement over training from scratch:
Dice scores increase from near-zero values to above 0.48 for the best-performing models.
Attention U-Net achieves the highest Dice score of 0.4814, while DeepLabV3 (ResNet50)
attains the highest AUC of 0.9621. Dense U-Net also provides competitive results, whereas R2
U-Net benefits less from the proposed transfer scheme. The results demonstrate that leveraging
cross-domain morphological priors is an effective way to enhance segmentation of branching
structures in data-scarce CT scenarios. The proposed framework provides a strong, reproducible
baseline for future research on transfer learning and fine-structure segmentation in volumetric
images.

Keywords: branching structure segmentation, cross-domain transfer learning, deep learning, U-
Net, DeepLabV3

Acknowledgements: The research was supported by the Russian Science Foundation grant No.
24-25-00204 “Integrating genomic analysis and medical imaging to accurately predict and
predict cancer characteristics and treatment outcomes in early-stage non-small cell lung cancer”.
Available online: https://rscf.ru/project/24-25-00204/.

Citation: Shariaty F, Pavlov V.A., Medvedeva E.A. Cross-domain deep transfer learning for
branching structure segmentation. Computing, Telecommunications and Control, 2026, Vol. 19,
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MEXAOMEHHOE INMYBOKOE TPAHC®EPHOE ObYYEHME
ANA CETMEHTALUUN PA3SBETBJIEHHbIX CTPYKTYP

®. lWapuamu © ® , B.A. NaBno6 ©® , E.A. MedBedeBa

CaHKT-lMeTepbyprckmii MoAUTEXHUYECKMI yHMBepcUTeT MeTpa Beankoro,
CaHKT-MeTepbypr, Poccuitickan dPenepaums

B shariaty3@gmail.com

AnHotammsi. CerMeHTaIMsI TOHKUX Pa3BETBJIECHHBIX CTPYKTYP B OOBEMHON BU3yaM3alluu
SIBJISIETCSI HETPUBHAJIBLHON 3amadeil KOMITBIOTEPHOTO 3pEeHMST M3-3a HU3KOT0 KOHTpAcTa, BhIpa-
JKeHHOTO aucOajaHca KJIacCOB M OOJIBIION BapMaTUBHOCTU B MaclTabe M TOIojJoruu. B maH-
HOI paboTe Hucciemyercsl MOAXOA MEXIOMEHHOTO TIIyOOKOTO TpaHC(hepHOro OOy4YeHMS, MC-
MOJB3YIOUINI MOPGhOIOTHUYECKOE CXONCTBO COCYIMCTOINOAOOHBIX Pa3BETBIEHHBIX CTPYKTYD B
pPa3HBIX MOIATBHOCTSIX BU3yaau3aiuu. Moenu TpenBapuTeIbHO 00yJaloTcsl Ha OoTraToM JTaH-
HbiMu Habope FIVES mis cermeHTaluuu cocyaoB ceTYaTKM, MOC/e Yyero J0o0yJaroTcsl Ha ToJI-
MHOXecTBe Habopa maHHBIX NSCLC-Radiogenomics ¢ KT-m300paxXeHUSIMM TPYTHOW KIIETKU
U aHHOTAIIMSIMU Pa3BETBICHHBIX CTPYKTYp. OIeHUBAIOTCS YEeTHIpe apXUTEKTyphl HA OCHOBE
U-Net (ctanpaptHasg U-Net, Attention U-Net, R2 U-Net u Dense U-Net), a Takxke Monenu
DeepLabV3 ¢ 6azoBbimu cetssmMu ResNet50 u ResNetl101. [IpumeHsieTcst equHbIii KOHBEep
00y4YeHMSI, BKJIIOYAIOIINI MHOTOATAITHYI0 HOpMaJM3allii0 MHTEHCUBHOCTEH M KOHTpacTa, a
takke 10-KpaTHYIO CTpaTM(UIIMPOBAHHYIO TTEPEKPECTHYIO MPOBepKy. KayecTBo cerMeHTalnm
nsMepsiercst metpukamu Accuracy, Precision, Dice (F1-mepa) u mnomaabsio nmog ROC-kpuBoit
(AUC). MexnomeHHOe TpaHC(epHOe 00ydyeHNE MPUBOINT K CYIICCTBEHHOMY YIYUYIICHUIO IT0
CpaBHEHUIO ¢ OOYYEeHUEM «C HYJIs»: 3HaueHus Dice yBelIMYMBaIoTCs ¢ MOYTH HyneBbIX 10 0,48
u O6ojee maas aydiux moneneii. Mogenb Attention U-Net mocTuraeT MakCMMajJbHOTO 3Haue-
Hust Dice 0,4814, Torma kak DeepLabV3 (ResNet50) neMoHcTpupyeT HauBbICIIee 3HAUYEHUE
AUC — 0,9621. Dense U-Net moka3plBaeT COMOCTaABUMBIE Pe3yJBTaThl, B TO BpeMsl Kak R2
U-Net B MeHBIIIeH CTEIICHN BHIUTPHIBACT OT MPEIT0KEHHOM cXeMbl TpaHcdepa. [ToayueHHEBIE
pe3yIbTaThl TTOKA3bIBAIOT, YTO MCITOJIBb30BAHUE MEXIOMEHHBIX MOP(OIOTUIYECKUX allPHUOPHBIX
3HaHUI IBsIeTCS 3(PDEKTUBHBIM CITOCOOOM IMOBBIIIEHNSI Ka4eCcTBa CETMEHTAIIUM Pa3BETBIICH-
HBIX CTPYKTYP B yclioBUsIX aeduunta pazmedyeHHbIx KT-ganHbix. [TpeanoxeHHas MeTOI0JOTHS
(bopmupyer Bocripon3BoauMyto 0a3y /Ul JadbHEHIINX MCCIeI0BaHUI B 00acTu TpaHchep-
HOTO OOYYEeHMST U CETMEHTAIIMM TOHKUX JPEBOBUIHBIX CTPYKTYP B OOBbEMHOI BU3YyaIU3aInH.

KiroueBbie clioBa: cerMeHTalUsI Pa3BETBICHHBIX CTPYKTYP, MEXKIOMEHHOE TpaHchepHoe 00yyde-
Hue, riyookoe ooyueHue, U-Net, DeepLabV3

®unancuposanue: VccienoBaHue BBIIOJHEHO 3a cueT rpaHTa Poccuiickoro HaydyHoro ¢poHaa
B paMKax peaju3aluu MpoekTa «MHTerpauusi reHOMHOTO aHaauM3a U MEIMLIMHCKOM BU3yasiu-
3alMU U1 TOYHOTO IPOTHO3MPOBAHUS U MPEACKa3aHMsI XapaKTepUCTUK paKa M pe3yIbTaToB
JIeYeHUsI TIpU paHHEel CTaiuy HEKJIETOYHOTo paka Jyierkoro» (Cormamenue Ne24-25-00204,
https://rscf.ru/project/24-25-00204/).

Jlna mutupoBanms: Shariaty F., Pavlov V.A., Medvedeva E.A. Cross-domain deep transfer learning
for branching structure segmentation // Computing, Telecommunications and Control. 2026.
T. 19, Ne 1. C. 8—15. DOI: 10.18721/JCSTCS.19101

Introduction

Segmentation of thin, branching vascular structures in chest computed tomography (CT) images is
a challenging problem in image analysis and computer vision. These structures exhibit large variation
in scale, complex topology and often low contrast with respect to surrounding tissue, which makes
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robust extraction difficult [1—5]. In addition, the foreground (vessels) typically occupies only a small
fraction of the image volume, leading to strong class imbalance and making learning-based methods
sensitive to overfitting [6].

Classical image processing techniques, such as thresholding, region growing and edge-based meth-
ods, have been widely used for vessel extraction [7, 8]. Although these approaches are conceptually sim-
ple and computationally efficient, their performance is highly dependent on hand-crafted parameters
and they struggle with noise, partial volume effects and the wide range of vessel calibers present in CT
images. The emergence of deep learning, and in particular convolutional neural networks (CNNs),
has significantly advanced the state of the art in segmentation of complex anatomical and vascular
structures [9, 10]. Encoder—decoder architectures with skip connections, such as U-Net, have be-
come a de facto standard due to their ability to combine high-level semantic information with fine-
grained spatial detail.

A key limitation in many volumetric segmentation tasks, however, is the scarcity of large, pix-
el-level annotated datasets, especially for small or hard-to-label structures. Training deep architec-
tures from scratch on such limited data often results in poor generalization. Transfer learning provides
an effective strategy to alleviate this problem by reusing features learned in a data-rich source domain
to initialize models in a data-scarce target domain [11]. When there is morphological similarity be-
tween structures in the source and target domains — such as tree-like vascular networks — transfer
learning can be particularly beneficial, since the learned feature hierarchies capture reusable patterns
of branching geometry and local appearance.

In this work, we investigate a cross-domain transfer learning strategy for segmentation of branch-
ing vascular structures in chest CT images. Our hypothesis is that the intricate, tree-like morphology
of retinal vessels, for which large annotated datasets are available, can serve as a suitable source do-
main for learning generic vessel features. These features are then transferred and fine-tuned for seg-
menting morphologically similar, but anatomically different, vascular structures in CT volumes. To
evaluate this idea, we consider several U-Net-based architectures: standard U-Net, Attention U-Net
[12], R2 U-Net [13] and Dense U-Net [14], and compare them with DeepLabV3 models equipped
with ResNet backbones [15].

>

Materials and methods

This study applies a cross-domain transfer learning methodology using two distinct datasets. For
pre-training, the Fundus Image Dataset for Al-based Vessel Segmentation (FIVES) [16] dataset was
used. This dataset contains 800 high-resolution (2048%2048) fundus images with pixel-wise vessel
annotations designed for data-driven vessel segmentation. For fine-tuning, we used the NSCLC-Ra-
diogenomics collection from The Cancer Imaging Archive (TCIA) [17], which provides 286754 chest
CT slices from 211 volumes. A subset of this collection with annotations of branching vascular struc-
tures was employed as the target domain.

A multi-stage image preprocessing pipeline was implemented to enhance vessel-like feature extrac-
tion and standardize input data. All images were converted to grayscale, followed by Z-normalization
(x—W)/c and Min—Max normalization (scaled to [0, 255]). Contrast Limited Adaptive Histogram
Equalization (CLAHE, clip limit 2.0) was then applied to improve local contrast, followed by gamma
correction (y = 1.2) to emphasize darker structures.

The transfer learning procedure consisted of two phases:

1) pre-training on FIVES using binary cross-entropy loss and the Adam optimizer to learn general
vessel-like features;

2) fine-tuning on the NSCLC-Radiogenomics subset with encoder weights initialized from the
pre-trained models, a reduced learning rate and a cosine annealing schedule to adapt the representa-
tions to CT-domain branching structures.
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Both datasets were evaluated using 10-fold stratified cross-validation for robust assessment of gen-
eralization. Model performance was measured using accuracy, precision, Dice (F1 score) and Area
Under the Receiver Operating Characteristic Curve (AUC). Statistical comparisons included p-val-
ues and 95% confidence intervals (CI). Hyperparameters included a batch size of 16, an initial learn-
ing rate of 10~* (decayed via cosine annealing) and training for 100 epochs on an NVIDIA RTX 2080
Ti GPU.

Results and discussion

Both the FIVES retinal vessel dataset and the NSCLC-Radiogenomics CT dataset were systemat-
ically divided into 10 folds for stratified cross-validation. For the FIVES dataset (800 images), each
fold contained a proportional split for training, validation and testing. Similarly, the CT branch-
ing-structure dataset (100 images) was divided into 10 folds, ensuring a representative distribution
across training, validation and testing sets within each fold. For each fold, models were trained on the
training subset and evaluated on the held-out test subset, and the reported metrics are averages over
all CT test folds.

The performance of the models on the retinal vessel segmentation task (pre-training phase, trained
and tested on the FIVES dataset) is summarized in Table 1.

Table 1
Performance comparison of deep learning models for retinal vessel segmentation
Model Accuracy Precision Dice (F1-Score) AUC
U-Net 0.9867 0.9386 0.8974 0.9843
Attention U-Net 0.9872 0.9142 0.9038 0.9871
Dense U-Net 0.9865 0.9269 0.8969 0.9834
R2 U-Net 0.9232 0.4058 0.3453 0.8300
DeepLabV3 (ResNet50) 0.9640 0.7503 0.7234 0.9772
DeepLabV3 (ResNet101) 0.9628 0.7405 0.7138 0.9763

As shown in Table 1, the U-Net variants generally achieve high performance on the retinal ves-
sel segmentation task. Attention U-Net demonstrates the highest Dice (F1 score) of 0.9038 and the
best AUC of 0.9871, closely followed by U-Net and Dense U-Net. This indicates that the attention
mechanism effectively enhances the model’s ability to focus on relevant features for segmenting thin
vessel structures. R2 U-Net performs noticeably worse across all metrics (Dice 0.3453, AUC 0.8300),
suggesting that its recurrent residual structure may be suboptimal for this setting or require different
hyperparameter tuning. DeepLabV3 models also show strong performance, particularly in AUC, but
remain slightly behind the best U-Net variants in terms of Dice. The ROC curves for these models are
presented in Fig. 1, visually confirming the superior classification performance of Attention U-Net
and Dense U-Net on the FIVES dataset.

After pre-training on FIVES, all models were fine-tuned on the CT branching-structure dataset.
Segmentation performance on CT images was computed on the CT test subsets of each fold, using
pixel-wise accuracy, precision, recall, Dice and AUC. The averaged results over 10 folds are presented
in Table 2.

The transfer learning approach reveals a dramatic improvement in performance across all models
on CT images, particularly in Dice (F1 score) and AUC. For example, the Dice score for U-Net
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Fig. 1. ROC curves for U-Net, Attention U-Net, R2 U-Net, Dense U-Net,
DeepLabV3 (ResNet50/ ResNet101) trained and tested on FIVES dataset
Table 2

Performance comparison of deep learning models for pulmonary vessel segmentation

Model Accuracy Precision Recall Dice
U-Net 0.9583 0.5377 0.4371 0.4822
Attention U-Net 0.9582 0.5356 0.4445 0.4858
Dense U-Net 0.9525 0.4654 0.4663 0.4608
R2 U-Net 0.9586 0.8648 0.08 0.1465
DeepLabV3 (ResNet50) 0.9584 0.5399 0.4294 0.4783

increases from 0.0028 (training from scratch on CT only) to 0.4802 with cross-domain pre-training,
while for Attention U-Net the Dice rises from 0.0088 to 0.4814. This large gain demonstrates the
effectiveness of the proposed cross-domain transfer learning strategy for branching structure segmenta-
tion in CT data.

Among the U-Net variants with transfer learning, Attention U-Net achieves the highest Dice (F1
score) of 0.4814, indicating superior foreground delineation on CT images. DeepLabV3 (ResNet50)
also performs very well, with a Dice of 0.4760 and the highest AUC of 0.9621, which reflects strong
discriminative power at the pixel level. Dense U-Net attains a competitive Dice of 0.4592. R2 U-Net,
while showing improvement compared to its non-transfer counterpart, still lags significantly behind
the other models with a Dice of 0.1465, reinforcing its observed limitations for this type of segmen-
tation task.

The ROC curves for the models after transfer learning are shown in Fig. 2 and illustrate the im-
proved classification performance in the CT domain. Qualitative analysis is provided in Fig. 3. Fig. 3, d
(Attention U-Net) demonstrates visibly more accurate and complete segmentation of fine branching
structures compared to other models and the original CT slice (Fig. 3, a). This visual evidence sup-
ports the quantitative results and confirms that Attention U-Net, leveraging its attention mechanisms,
is particularly effective for delineating complex and subtle branching patterns in chest CT images.
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Fig. 2. ROC curves for U-Net, Attention U-Net, R2 U-Net, and Dense U-Net,
DeepLabV3 (ResNet50) (pretrained on FIVES dataset) trained and tested on LUNG dataset

Fig. 3. Visual analysis of vessel segmentation in CT images. Original CT (a); Annotation (b);
DeepLabV3 (ResNet50) (c); Attention U-Net (d); R2 U-Net (e); Dense U-Net (f); U-Net (g)

Conclusion

This study investigated a cross-domain deep transfer learning strategy for segmentation of branch-
ing vascular structures in chest CT images. By exploiting morphological similarity between retinal
and CT vascular patterns, the proposed approach effectively mitigates the data-scarcity problem in
the target CT domain. Experimental results demonstrate a substantial improvement in segmentation

13



4 MHTennekTyasnbHble CUCTEMBI U TEXHOSOTNN, I/ICKyCCTBeHHbIl‘/JI NHTENNEKT

performance for all evaluated architectures when pre-training on the FIVES retinal dataset is followed
by fine-tuning on the CT dataset.

Among the U-Net variants, Attention U-Net and Dense U-Net emerged as the most effective
models, with Attention U-Net achieving the highest Dice score of 0.4814, indicating superior deline-
ation of fine branching structures. DeepLabV3 (ResNet50) also showed strong performance, attaining
the highest AUC value of 0.9621 and thus providing excellent discriminative capability at the pixel
level. These findings confirm that cross-domain transfer from a data-rich vascular segmentation task
is a viable and powerful strategy for improving performance on data-limited CT segmentation tasks.

Overall, the proposed framework offers a robust, reproducible baseline for branching structure
segmentation in volumetric images and highlights the advantages of attention mechanisms and dense
connectivity in this context. It can be readily extended to other applications involving thin, tree-like
structures and limited annotated data.

>
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Abstract. Decision trees and their ensemble extensions, such as random forests, are widely
used as classification models due to their simplicity and interpretability. However, in many
real-world tasks where class labels overlap in the feature space, standard decision trees rely on
hard splits that create fragile decision boundaries. In these regions, small perturbations in the
input values can lead to misclassification, reducing the reliability of the model. To address this
issue, we propose a localized data duplication mechanism that modifies the standard CART
algorithm by duplicating samples located near the chosen split threshold into both child nodes.
To prevent these duplicated samples from overpowering the nodes, they are assigned a reduced
weight based on a smoothly decaying function relative to their distance from the threshold. This
approach allows both child nodes to learn from ambiguous regions, preserving information about
uncertainty while maintaining the axis-aligned deterministic structure of classical decision
trees. When applied within a random forest framework, the duplication process also increases
ensemble diversity. Experimental evaluation on 11 real-world datasets with varying degrees of
class overlap demonstrates that the proposed modification consistently improves ROC-AUC
scores and boundary stability while keeping computational costs low.
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NOBbILWEHUE YCTOWYUBOCTU IPAHUL],
B JEPEBbAX PELULEHUM U CJZTYYAUHBDIX JIECAX:
noaxoa € UCnoJib3OBAHUEM B3BELLEHHOIO
AYBJINPOBAHUSA BblIBOPKU
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1 CaHKT-MNeTepbyprcknit NoNUTEXHUYECKNI yHMBepcuTeT MeTpa Beankoro,
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AnHoTramms. JlepeBbs pellleHUI M UX aHcaMOJieBble pacIIMpPeHUs], TaKWe KaK CIyJaliHbIe
Jieca, IIMPOKO MCIOJIb3YIOTCS B KaueCTBe Mojeieil kKinaccudukaiuy 6aaromapsi CBOeii IpocToTe
1 uHTeprpeTupyeMoct. OJHAKO BO MHOTHX peajbHbIX 3adadax, TIe METKU KJacCOB MePeKphI-
BAlOTCSI B MPOCTPAHCTBE TTPU3HAKOB, CTAHIAPTHBIE IEPEBbsl PEIICHUI ITOJIaraloTCsT Ha KECTKUE
pa3doueHusi, KOTOpble CO3/aI0OT cjabble TpaHUIIbl TIPUHSITHS pellleHnit. B aTux o6nactsax He-
0obIIMe BO3MYIICHUSI BXOOHBIX 3HAYCHUI MOTYT MPUBECTU K HEIPaBUIBHON KiaccupuUKa-
1M, CHIKAST HAJACKHOCTb Moaean. JIJIs pelIeHusT 3TOM ITpo0IeMbl MBI TIpeutaraeM MeXaHU3M
JIOKaJIM30BaHHOIO NyOJMpPOBaHUS AAHHBIX, KOTOPBI MOAUGMULIMPYET CTAHAAPTHBINM aITOPUTM
CART (Classification and Regression Tree) myrem ay0arMpoBaHusl 00pa31ioB, PacIiooKeHHbIX
BOJIM3M BbIOpAaHHOTO Mopora pa3oueHusi, B ob6a JoYepHUX ysnaa. YToObl MpeaoTBpaTUTh Iepe-
IPY3KY y3JI0B 9TUMU TyOIMpPOBaHHBIMU 00pa3liaMy, UM MPUCBAUBAETCs] YMEHBIIEHHBIN BeC Ha
OCHOBE TNIaBHO yOBIBafOIIeil (PYHKIIMM OTHOCUTEJIBHO MX PACCTOSHUS OT mopora. Takoit mom-
XOJI TIO3BOJISICT 000MM JOYCPHUM y3JIaM 00ydJaThbCsl Ha HEOTHO3HAYHBIX 00JIACTSIX, COXPaHSS
MHGOOPMAIIUIO O HEOIIPEAeJeHHOCTH, OMHOBPEMEHHO MOAACPXKMBasi BBIPOBHEHHYIO IO OCSIM
JNEeTepPMUHUPOBAHHYIO CTPYKTYPY KJIACCUUECKHUX IepeBbeB pelieHuil. [1pu npuMeHeHuU B pam-
Kax CJIydaifHoOro Jieca Ipolecc JAyOJMpOBaHUs TakKKe yBEJIMYMBAET pazHOOOpasue aHcamOJIs.
DKcnepuMeHTalIbHas olleHKa Ha 11 peasibHbIX HaOOpax JaHHBIX C PAa3JIUYHON CTENEHbIO Mepe-
KPBITUS KJIACCOB TTOKA3BIBACT, UTO IMpeIIoXKeHHAsT MOAN(PUKAIINS TTOCIeI0BATeIbHO YIydIIaeT
noka3aresqun ROC-AUC u ycTOMYMBOCTD TPAHUIL, COXPAHSIS TIPU 3TOM HU3KNE BEIYUCIUTEIh-
HbIE 3aTpaThl.

KiioueBbie cioBa: MallMHHOE OOY4YeHHUeE, 1ePeBbs PELLIEHUI, CydailHbIi Jiec, Kaaccudukauus,
QyOIMpOBaHKUE JAHHBIX

®unancupoBanue: VccienoBaHue BBIITOTHEHO 3a cueT rpaHTa Poccuiickoro HaydyHoro ¢oH-
Ja B paMKax peanu3anuu Tnpoekta «HoBble MeTOObI M MOJEIM MHOTOBAapUAaHTHOTO O0ydYe-
HUS B 3agadax MeauimHckou auarHoctuku» (Cormamenue No25-21-00103, https://rscf.ru/
project/25-21-00103/).
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bility in Decision Trees and Random Forests: A Weighted Sample Duplication Approach //
Computing, Telecommunications and Control. 2026. T. 19, Ne 1. C. 16—25. DOI: 10.18721/
JCSTCS.19102

Introduction

Decision trees and their ensemble extensions, such as random forests, are popular because they are
simple, often perform well in practice, and offer interpretability. Each decision tree splits the feature
space in a hierarchical way, which allows users to trace exactly how a prediction is made. Ensembles
average over many trees, which tends to reduce variance and improve generalization.
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In many real-world classification tasks, especially in medical or environmental settings, class-con-
ditional distributions overlap in feature space. That means that for certain regions, observations from
more than one class lie very close to each other in the features. In these overlapping regions, small
perturbations of input values or small changes in the split thresholds can lead to different class pre-
dictions. This reduces predictive stability and increases variance near class boundaries. A standard
decision tree uses hard splits: at each internal node it chooses a feature and a threshold that minimize
impurity (such as Gini impurity or entropy). When classes overlap, small perturbations can lead to
misclassification due to fragile decision boundaries. As trees grow deeper, the number of samples in
each node tends to shrink, increasing sensitivity to small changes and decreasing robustness near class
boundaries.

This work proposes a modification of tree construction that introduces a stochastic or soften-
ing element in handling samples near decision boundaries. Specifically, after a split is determined,
samples whose values are close to the threshold (i.e., near the hyperplane defined by the feature and
threshold) are duplicated into both child nodes. The influence of each duplicated sample decreases as
its distance from the threshold increases. This duplication has two key effects: it preserves information
about ambiguous or uncertain regions, and it increases diversity among trees when used in a random
forest ensemble. The goal is to make decision boundaries more precise, reduce errors arising in over-
lapping class regions, and improve learning in difficult parts of feature space, while retaining much of
the interpretability and simplicity of standard CART-style trees.

Related works

The problem of class overlap, uncertainty, and decision boundary instability has been extensive-
ly addressed in recent literature. Existing approaches can broadly be categorized into probabilistic
tree modifications, fuzzy logic parameterizations, and data-level boundary interventions. These ap-
proaches help illustrate why the proposed method is needed.

The concept of soft or probabilistic splits replaces rigid decision boundaries with weighted contri-
butions from both child branches. While foundational work demonstrated that soft thresholds reduce
generalization error, soft decision trees (SDTs) have recently seen a massive resurgence as a means to
balance deep learning’s predictive power with interpretability [1]. For instance, the fusion of SDTs
with concept-based convolutional models was used to create transparent classification systems in
complex, overlapping spaces [3]. Recent advancements also include embedding spatial visual atten-
tion directly into the inner nodes of SDTs to ensure path-based interpretability [2]. Despite these
improvements, SDTs fundamentally alter the standard tree routing mechanism by relying on fully
differentiable gradient descent and sigmoid-based probability branching rather than classical hard
splits [1, 2].

Fuzzy decision trees (FDTs) explicitly model uncertainty by mapping features to fuzzy member-
ship functions [5, 7]. Recent advancements in this domain emphasize adaptability and scalability.
Rabcan et al. (2025) proposed a dynamic FDT that uses cumulative mutual information to incremental-
ly adapt to evolving, overlapping data streams [4]. FDT optimization has also been applied successfully
in complex environments, such as personalized hybrid learning systems, utilizing cost-complexity
pruning to prevent boundary overfitting [6]. Furthermore, FDTs are proven highly effective for re-
gression and classification in uncertain physical environments, such as climate factor modeling [5].
However, these approaches introduce significant mathematical overhead: they require predefined tri-
angular or trapezoidal membership functions and linguistic parameters that must be manually tuned,
deviating from the algorithmic simplicity of axis-aligned crisp splits [4, 6].

Instead of modifying the tree structure probabilistically, several studies focus directly on the ge-
ometric boundaries and data overlap. Class overlap — where instances from different categories share
the exact same feature space — is proven to degrade the performance and interpretability of predictive
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models significantly [8]. To tackle this, novel decision rules based on boundary mixed attribute de-
pendency have been introduced, allowing trees to factor the boundary region explicitly as a measure
of knowledge uncertainty [9]. Additionally, when dealing with noisy class variables at the bounda-
ries, random forest algorithms exhibit measurably higher robustness compared to standalone C4.5 or
CART trees [10].

When individual tree boundaries fail to resolve class overlap, ensemble and distributed techniques
provide an alternative. Coalition-based decision trees now use decision template fusion to manage
conflicting or overlapping data sources across distributed networks [11]. In complex medical domains
characterized by overlapping tumor classes, multiclass tree ensembles combining perfusion and spec-
troscopy data have achieved high accuracy by extracting precise, overlapping rule combinations [12].
Nevertheless, these techniques typically operate as global or post-hoc ensembles, not fundamentally
altering how the individual underlying decision tree processes the ambiguous boundary during the
split search.

Despite these advances, a critical gap remains. Current state-of-the-art methods either mandate
computationally expensive gradient routing [1, 3], require complex fuzzy membership tuning [4, 6],
or rely on global data-level interventions [8]. There is a distinct need for methods that preserve the
clean CART structure, do not require extensive global parameter tuning, and maintain interpretabili-
ty while dynamically improving robustness at class boundaries.

Method

The proposed method modifies the construction of standard decision trees in order to handle un-
certain or overlapping class regions more effectively, as well as small sample size, while keeping the
simplicity and interpretability of classical CART. The main idea is to duplicate samples that lie close
to a chosen split threshold, so that both resulting child nodes can learn from data in ambiguous re-
gions. This adjustment helps the model to better capture local structure near class boundaries and to
become less sensitive to small variations in input data or threshold placement. Furthermore, it allows
for a more precise determination of split thresholds if they are shared among child nodes with the
same parent.

In a traditional decision tree, each node contains a subset of the training data and selects one
feature, defined as X, and a threshold value, called ¢. The goal of this step is to find the split that best
reduces impurity, for example measured by Gini impurity or entropy. Once the threshold is deter-
mined, all samples with feature values less than or equal to 7 are sent to the left child node, and the
remaining points, i.e., those with values greater than ¢ are sent to the right child node. The algorithm
then continues recursively on both child nodes until a stopping criterion is met, such as a minimum
node size or maximum depth.

Let D denote the current node dataset. At the root node, D is the whole dataset:

D— {(xo),y(f) )}N1

where each feature vector x = (xl, s xf) is of size f. In classical CART algorithm, at the current node,
when the split is found, DL and DR are subsets to which D is partitioned after splitting by feature X,
and threshold #:

D, = {(x,y) € D|xj < t}, D, = {(x,y) € D|xj>t}.
The subset DL is considered in the left child node, and DR — in the right.

This deterministic splitting process works well when the classes are clearly separated, but it can
be unreliable when the data contain regions of overlap, or the sample size within the node becomes
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insufficient for reliable splitting threshold estimation. In such areas, some samples from different
classes have very similar feature values, and even a small change in ¢ or in the input values can send
them to opposite sides of the split. As the tree grows deeper, each node contains fewer samples, which
increases the instability of these boundaries, leading to possibly higher error rate.

To address this issue, we propose a localized weighted sample duplication mechanism. After the
best split feature and threshold are found, the samples that lie close to the chosen threshold along the
selected feature are selected (near-boundary samples), where closeness is defined by a distance be-
tween the feature value and the threshold and the number of samples that are nearest to the threshold.
Once the near-boundary samples are identified, they are duplicated so that they appear in both child
nodes. In other words, each of these samples contributes to learning in both branches of the split. This
ensures that the information about uncertain regions is not lost. To prevent the duplication from over-
powering the data in either node, each duplicated sample receives a reduced influence, which depends
on how far it is from the threshold. Samples that are exactly at or very close to the threshold have the
highest influence, and those further away have gradually smaller influence.

This mechanism preserves the deterministic structure of a standard decision tree. The split itself
remains hard and axis-aligned, so the interpretability of the resulting model is unchanged. However,
by allowing both child nodes to learn from near-boundary samples, the model becomes more robust.
It no longer discards information from uncertain regions, and it gains a more stable decision bounda-
ry, less sensitive to small variations in the data.

When this method is used within a random forest, the duplication process also introduces addi-
tional diversity among trees. Because each tree in the ensemble is built from a bootstrap sample and
may select different features and thresholds, the specific boundary samples that are duplicated vary
between trees. This increases the variety of the ensemble members, which in turn improves generali-
zation and reduces the correlation of their errors, especially in regions of class overlap.

A few practical considerations are important for implementation. Since duplicating samples
changes the number of observations seen by each node, stopping criteria based on sample counts may
need to account for the reduced influence or weight of duplicated points rather than counting them as
separate full samples. It is also necessary to choose the width of the near-boundary region carefully: if
it is too wide, unnecessary duplication may increase computational cost or overfit the boundary; if it
is too narrow, the effect may be too small. Similarly, the decay rule for sample influence must ensure a
smooth transition between duplicated and non-duplicated samples. Despite these considerations, the
method remains simple to integrate into standard tree algorithms because it does not alter impurity
calculations, prediction procedures, or the overall recursive structure.

In summary, the method retains the key advantages of CART, including simplicity, interpretability,
and computational efficiency, while improving robustness in overlapping class regions. It achieves this
by allowing both branches of a split to learn from data that lie close to uncertain boundaries, thereby
reducing error sensitivity and enhancing the reliability of both individual trees and ensembles built
from them.

This mechanism introduces randomized noise into sampling procedure for child node data, as
shown in Fig. 1. By exposing subsequent splits to both sides of the uncertain region, the tree becomes
less sensitive to exact threshold placement and gains resilience to perturbations.

Let the absolute distance from the decision boundary for sample i along the splitting feature j be
defined as:

d, =|xij —t|.

Let 7 be a user-defined parameter controlling the proportion of copied samples. The number of
samples duplicated from the opposite branch is:
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Fig. 1. Sample duplication near decision threshold

k= Lr-min(|DL

Dy) |-

Select k samples with smallest d,- values from each side and duplicate them into the opposite child
subset. Thus, final subsets become:

b

D, =D, vCopy,, Dy =D,Copy,.

Each duplicated observation receives a weight reflecting its proximity to the decision boundary. We
use a smooth decaying function:

_ il
w,=e ", a>0,

where a controls the decay rate. A larger a causes a rapid drop in weight for samples further from the
boundary, while a smaller a allows a wider band of samples to influence the child nodes. Alternatively,
a polynomial decay function can be utilized:

w, = (1 + |di|)_a .

This ensures that exact boundary samples have maximum weight (1), while farther ones contribute
less.
These weights affect computation of Gini impurity and class assignment in leaves, defined as:

1 Ziecc Wi
6~ b5z m -2

where W is the normalizing term representing the sum of all sample weights in the node, and CC rep-
resents the subset of samples belonging to class c.
If a sample is duplicated across multiple splits (tree depth more than one), its influence must gra-
dually diminish. Therefore, each time a sample is re-copied, its weight is updated recursively:
w(kﬂ) _ W(k) .

—ad;
i i °
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Duplication is only allowed up to a specified maximum copy depth J to avoid exponential growth.

The proposed tree construction algorithm consists of the following steps:

1. For each node:

o Compute impurity for all possible splits.
o Select best feature X, and threshold 7.

2. Identify boundary-near samples using distances d,-'

3. Duplicate k closest samples into opposite nodes.

4. Assign weights via chosen decay function.

5. Recurse until stopping criteria (max depth, min sample size) are met.

The computational complexity of the proposed algorithm remains close to the original one. In a
standard CART algorithm, finding the optimal split at a given node requires O(f NlogN) operations,
where f'is the number of features and N is the number of samples in the node. The proposed modi-
fication introduces three additional operations per node: calculating the absolute distances dl. from the
threshold for all samples (O(N)), identifying the k closest samples (which can be achieved in O(N)
time using selection algorithms), and copying and weighting these k& samples (O(k)). Because k is
much smaller than N and these additional steps scale linearly, the computational complexity of the
node-splitting process remains dominated by the original O(f NlogN) split search. While duplicating
samples increases the effective NV for subsequent child nodes, the strict enforcement of the maximum
copy depth d caps the duplication process, preventing exponential growth of the dataset. Consequent-
ly, the overall training time increases only by a bounded constant factor, preserving the efficiency and
scalability of the baseline random forest framework.

Numerical experiments

The proposed method was evaluated on 11 publicly available datasets obtained from the UCI Ma-
chine Learning Repository and Kaggle. These datasets cover a range of application areas and data
characteristics. Most of them are related to medical classification problems such as heart disease,
diabetes, and cancer diagnosis. The datasets differ in size, ranging from 306 to 1484 samples, and in
dimensionality, from 3 to 34 features. Full description of the used data is provided in Table 1. Basic
preprocessing was applied to all datasets: missing values were removed and categorical features were
encoded using label encoding.

Table 1
Description of data sets

Title M N C

Breast Cancer Wisconsin (Original) 9 682 2
Haberman’s Survival 3 306 2
Titanic 3 714 2

Heart Attack 13 303 2
Diabetes 8 768 2
Hepatitis C virus 14 615 5
Ecoli 7 336 8
Dermatology 34 366 6
Heart Failure 12 918 2
Yeast 8 1484 10
Cirrhosis 20 418 4
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For quantitative evaluation, the standard classification metric independent of threshold choice,
the area under the receiver operating characteristic curve (ROC-AUC), was used. Each metric value
was obtained by averaging results from five-fold stratified cross-validation repeated ten times with
different random seeds to ensure statistical reliability.

As a baseline, the standard random forest implementation based on the CART algorithm from the
scikit-learn library was employed. The main hyperparameters of this baseline were selected as follows:
the number of trees was set to 100, and the maximum depth of individual trees was limited to values
between 5 and 10, depending on the dataset (the best parameters were selected via grid search with
cross-validation). For the proposed modification, hyperparameters were also tuned using grid search,
including the parameter » that determines the width of the near-boundary region, tested in incre-
ments between 0 and 0.9, the maximum tree depth at which sample duplication is applied (0, ranging
from 1 to 5), and parameters describing the weighting function. The weight decay parameter was fixed
to a = 1 across all datasets.

Table 2
Experiment results on real data, ROC-AUC
Baseline RF Proposed RF
Data set Max tree depth
mean * std r o mean * std
Breast Cancer 8 0.993 + 0.005 0.1 5 0.994 £ 0.005
Haberman’s Survival 5 0.683 +0.049 0.4 3 0.699 * 0.052
Titanic 5 0.859 £ 0.035 0.3 1 0.860 + 0.035
Heart Attack 10 0.904 + 0.034 0.8 6 0.911 £+ 0.030
Diabetes 5 0.834 +0.034 0.1 3 0.835+ 0.034
Hepeatitis C virus 7 0.983 + 0.009 0.5 3 0.985 £+ 0.007
Ecoli 3 0.897 £ 0.017 0.5 2 0.900 = 0.013
Dermatology 5 0.998 + 0.001 0.1 1 0.998 £ 0.002
Heart Failure 4 0.926 + 0.014 0.1 1 0.925+£0.014
Yeast 7 0.879 £ 0.016 0.1 1 0.881 +0.016
Cirrhosis 5 0.715 £ 0.049 0.4 4 0.723 + 0.041

The results are provided in Table 2. Across the eleven datasets, the modified algorithm achieved
higher ROC-AUC scores in 8 cases out of 11, with the strongest improvements observed on datasets
known to contain overlapping or noisy class boundaries, such as Haberman’s Survival, Heart Attack,
and Cirrhosis. Statistical significance was confirmed using both the Wilcoxon signed-rank test, which
produced a p-value of 0.005, and the paired t-test, with a p-value of 0.017. These results indicate that
the improvements are consistent and unlikely to result from random variation.

Overall, the experimental results confirm that introducing sample duplication near decision
boundaries improves the stability and predictive performance of decision-tree ensembles. The method
consistently enhances ROC-AUC on most real datasets. These findings show that the proposed ap-
proach effectively strengthens robustness in uncertain regions while keeping computational cost and
interpretability close to those of the standard random forest.

Conclusion

This paper introduced a simple yet effective modification of the decision tree learning process
aimed at improving robustness in overlapping class regions. The method duplicates samples that lie
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near splitting thresholds so that both child nodes can learn from uncertain regions, with each dupli-
cated sample weighted according to its distance from the threshold. This design preserves the struc-
ture, interpretability, and efficiency of the standard CART algorithm while reducing sensitivity to
small feature perturbations and unstable decision boundaries.

A comprehensive experimental study on real and synthetic datasets demonstrated that the pro-
posed approach consistently improves classification performance and stability, especially in tasks
characterized by high class overlap. Statistical tests confirmed that these improvements are signifi-
cant. Importantly, the modification requires minimal changes to existing tree-based implementations
and can be seamlessly integrated into standard random forest frameworks.

Future work will focus on theoretical bias-variance analysis, extension to regression and surviv-
al analysis tasks, evaluation on larger and higher-dimensional datasets, and exploration of adaptive
weighting schemes that further optimize learning in uncertain regions.
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AHHoTamms. B crathbe paccMaTpuBaOTCS COBPEMEHHBIE TTOIXOABI K IIPUMEHEHUI0 METOI0B
perynsipuzanun — rpedbHeBoro (Ridge) u nacco (LASSO) — B 3amauax nMporHo3upoBaHUs TMa-
paMEeTpPOB TEXHOJOTUUECKUX MPOIIECCOB B YCIOBUSIX TTPOMBINLICHHON aBToMaTusanuu. Ocoboe
BHUMaHUE YIEJsIeTCsl PEellIeHUI0 MPpo0sieM, CBSI3aHHBIX C BHICOKOW Pa3MEpHOCThIO MPU3HAKOBO-
ro MPOCTPAHCTBA U HAJMYMEM LIIYMOB B MUCXOAHBIX JAHHBIX, XapaKTEPHBIX I MPOU3BOACTBEH-
Ho# cpenbl. [IpeacTtaBieHbl TeOpeTUYECKUE OCHOBBI YKAa3aHHBIX METOMOB, MX OCOOCHHOCTH U
MEXaHU3MBbI, MTO3BOJISIONINE CHUXATh MepeodyyeHrne Mojeeil u obecrneynBaTh UX YCTOWYU-
BOCTb MpPU BAPbUPYIOUIMXCS BXOAHBIX AAHHBIX. [IpoBeaeHO 2KCNEPUMEHTAIBHOE CPaBHEHUE
3¢ (GEKTUBHOCTU PErpecCUOHHBIX MOJENEN C peryisipusanueil Ha OCHOBE peaJibHBIX MPOU3-
BOJICTBEHHBIX BBIOOPOK, BKJIIOYAsi BPEMEHHBIE DPSIAbI C TMPOMYIIEHHBIMU U MCKaXKEHHBIMU
3HaueHUsIMU. [losydeHHbIe pe3yabTaThl JEMOHCTPUPYIOT MOBBIIIEHUE TOYHOCTU MPOTHO30B,
YCTOMYMBOCTU MOJENeil 1, KaK CIeNCTBUE, HAJACXKHOCTU PadOThl aBTOMATU3UPOBAHHBIX CUCTEM
MOHUTOPUHTA U YIIPABACHUSI. DTU METOJbI IOMOTAIOT CIIPABIATHCS C IIYMOM B JTaHHBIX, U3-
OeraThb nepeoOydyeHUs U BBIAEISITH KJIIOUEBbIE MapaMeTpPbl, YTO OCOOEHHO BaXKHO B YCIOBUSX
OTPaHUYEHHBIX BEIYUCIUTEIBHBIX PECYPCOB U CIIOXKHBIX TTPOU3BOJCTBEHHBIX CUCTEM.

KnioueBble ciioBa: peryasipusanus, IpoMbIIIJIeHHAs aBTOMaTU3alusl, FpeOHeBbI METO/1 pery-
nspusauuu, LASSO, anropuT™Mbl ONTUMU3ALUU, PETPECCUOHHBIE MOIETU

Jna murupoBanmst: Ludishchev Ya.V. Application of regularization techniques to improve forecast
stability in noisy data for industrial automation // Computing, Telecommunications and Control.
2026.T. 19, Ne 1. C. 26—37. DOI: 10.18721/JCSTCS.19103

Introduction

Gas turbine plants (GTPs) play a key role in ensuring reliable and efficient electricity generation,
particularly in the context of growing demands for power system stability and the reduction of oper-
ational costs. Under these conditions, methods for diagnosing and analyzing the performance of gas
turbine equipment are of paramount importance, as they enable high operational reliability while re-
ducing maintenance costs. Modern diagnostic approaches involve the use of advanced data processing
techniques, which allow for addressing various malfunctions that occur during GTP operation [1].

One of the most critical tasks in GTP diagnostics is the processing and analysis of large volumes
of data acquired from multiple sensors installed on various components of the power unit. Due to
their nature, these data often contain gaps caused by failures in measurement equipment, instability
of communication channels, or other technical issues. To ensure the accuracy of forecasting and di-
agnostics, it is necessary to develop and apply effective methods for imputing missing data [2]. Such
methods restore the integrity of time series, ensuring the correct functioning of analytical algorithms
and machine learning, which form the basis of modern approaches to forecasting and anomaly
detection.
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Thus, the development and implementation of methods for data imputation, signal filtering, meas-
urement recovery, and the application of regularization represent an important direction in the field
of diagnostics and performance analysis of gas turbine power units. These approaches lay the foun-
dation for building high-precision predictive and diagnostic models, which, in turn, contributes to
enhancing the reliability and efficiency of power unit operation, minimizing downtime and reducing
operational expenditures [1, 3].

Modern GTP diagnostic methods are based on the use of machine learning and Al techniques.
Among these, clustering, classification, regression analysis, and neural network algorithms can be
distinguished [4]. The application of such methods allows not only for the identification of equipment
operation anomalies but also for predicting the development of faults based on historical data and
current system performance indicators. The use of hybrid approaches, combining physical-mathe-
matical modeling and machine learning, plays a significant role [5].

A promising direction is the implementation of digital twins — virtual copies of physical equipment
— which enable real-time monitoring of the system state, simulation of potential event scenarios, and
the making of optimal decisions [6]. These technologies not only improve diagnostic accuracy but
also contribute to the optimization of power unit operating regimes.

Particular attention is also paid to the development of methods for estimating the residual life of
GTP components [7]. This task requires accounting for multiple factors, such as temperature, pres-
sure, vibrations, and the chemical composition of the environment. Predictive analytics methods are
used to solve this problem, allowing for the determination of the remaining equipment service life and
the planning of repair or replacement activities [8].

Furthermore, significant attention is given to the issues of energy efficiency and environmental
safety of GTPs. Modern approaches include the use of fuel combustion technologies with low emis-
sions of nitrogen and carbon oxides, as well as the application of renewable fuels [9]. This helps reduce
the carbon footprint of the power system and comply with international environmental standards.

Thus, a comprehensive approach to the diagnosis and optimization of GTPs, based on the use of
modern technologies and methods, enables the achievement of a high level of reliability, energy effi-
ciency, and environmental safety of power units [10].

An important addition to these approaches is the use of regularization techniques to enhance the
robustness of predictive models in the presence of noisy data. Within the framework of this work, the
following main propositions are put forward:

1) The application of L1 and L2 regularization methods reduces the impact of noise and missing
data, which are characteristic of industrial monitoring systems;

2) Regularization contributes to increased robustness and generalization capability of regression
models when forecasting technical parameters of gas turbine units (GTUs);

3) Integration of regularized models into industrial automation loops creates a foundation for the
implementation of predictive diagnostics.

Industrial automation is characterized by complexity and a large number of distortions arising from
data noise or the instability of measurement systems. Under such conditions, regularization plays a key
role, preventing the overfitting of machine learning algorithms and ensuring the stability of their operation.

The necessity of conducting this research is due to the fact that under real-world GTU operating
conditions, measurement data are characterized by high noise levels, the presence of outliers, and
missing values, which significantly reduces the accuracy of predictive models and the effectiveness
of monitoring systems. The application of regularization methods enables robust predictive analysis
aimed at the early detection of equipment degradation, failure forecasting, and optimization of gas
turbine unit operating regimes.

The aim of this work is to evaluate and experimentally confirm the effectiveness of applying L1
and L2 regularization methods to improve the robustness and accuracy of forecasting gas turbine unit
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parameters under conditions of noisy, incomplete, and distorted data. The study intends to demon-
strate that the use of regularization enhances the accuracy and robustness of predictive models, re-
duces the influence of noise and missing data in measurements, and improves the generalization ca-
pability of models when analyzing real operational data. To achieve this goal, the following research
objectives are formulated:

* Analysis of modern methods for forecasting the technical condition of GTUs and identification
of their limitations under noisy data conditions;

* Development and implementation of regression models for forecasting GTU parameters without
regularization and with the application of Ridge and LASSO methods;

* Conducting an experimental study on archival data from a real gas turbine unit containing noisy
data and missing values;

« Comparative evaluation of forecasting quality using metrics (MAE, RMSE, R?);

» Comparison of the obtained results with those presented in the work of other authors, and for-
mulation of conclusions regarding the feasibility of applying regularization for forecasting tasks in
industrial automation.

The primary task is to develop solutions capable of effectively processing data, taking into account
their characteristics and the specifics inherent in industrial conditions. Such solutions can signifi-
cantly increase the operational stability of power units, minimizing the risks of unplanned shutdowns
and optimizing operational costs.

Overview of regularization and its significance in forecasting tasks

Regularization is a technique in machine learning aimed at improving the generalization capa-
bility of models. The primary goal of regularization is to prevent overfitting, which occurs when a
model adapts too closely to the training data, including noise and outliers, thereby losing its ability
to accurately predict new, unseen data. Overfitting is particularly critical in tasks related to industrial
automation, where data quality can vary significantly due to interference, technical failures, and oth-
er factors. Regularization helps balance the model, reducing the risk of overfitting and improving its
stability in forecasting.

The problem of overfitting is often associated with excessive model complexity. The more parameters
a model has, the higher the probability that it will begin to “memorize” random noise in the data. This
leads to a decrease in prediction accuracy on new data and reduces the model’s practical utility. Reg-
ularization addresses this problem by adding penalty terms to the error function, which constrain the
values of the model coefficients or their number. This makes the model more robust to data variability
and enhances its ability to identify general patterns.

There are two main types of regularization: L1 and L2. L1 regularization, known as Least Absolute
Shrinkage and Selection Operator (LASSO), adds a penalty to the error function in the form of the
sum of the absolute values of the model coefficients. This causes some coefficients to become exactly
zero, effectively discarding insignificant features. This approach is useful for feature selection, which
is particularly relevant when working with high-dimensional data. The main advantages of L1 regu-
larization include model simplification and improved interpretability. However, it may be less effective
when dealing with highly correlated features.

L2 regularization, also referred to as Ridge regression, adds a penalty to the error function in the
form of the sum of the squares of the coefficients. Unlike L1, L2 does not zero out coefficients but
only reduces their values, thereby mitigating the influence of noise and stabilizing the model. L2 regu-
larization is particularly effective in tasks where all features are important and a balanced distribution
of weight among them is required. However, this approach does not aid in explicit feature selection,
which can be a limitation when working with data where only a small subset of parameters is mean-
ingful.
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A comparison of L1 and L2 regularization shows that both approaches have their advantages and
limitations. L1 is well-suited for feature selection and creating simpler models but can yield unstable
results in the presence of correlated variables. L2 provides a smoother distribution of weights and
stability but does not simplify the model, as it does not zero out coefficients. These methods can be
combined to leverage their joint benefits, as implemented in ElasticNet, which uses a linear combi-
nation of L1 and L2 penalties.

The LASSO method is actively used for selecting key parameters in complex systems, such as sen-
sor data analysis in GTPs, where it is necessary to identify the most important characteristics from a
multitude of available data. Ridge regression finds application in tasks requiring accurate prediction
that accounts for the influence of all parameters, for example, in forecasting system energy con-
sumption.

ElasticNet, combining the properties of LASSO and Ridge, represents a versatile approach well-
suited for working with data where features may be both correlated and redundant. This method is
actively used in industrial automation for creating predictive models robust to noise and outliers,
thereby improving both prediction accuracy and model interpretability [11, 12].

Theoretical foundations of the methods

L2 regularization adds a penalty to the error function proportional to the square of the model co-
efficient values. This leads to the minimization of the following function:
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where y is the real values, y, is the predicted values, Oj is the model coefficients, p is the number of
features, A is the regularization hyperparameter determining the degree of penalty.

The main idea of L2 regularization is to constrain the values of the coefficients, preventing their
excessive growth, which can be caused by noise or multicollinearity in the data.

Ridge regression reduces the influence of features that contribute disproportionately to the model,
especially if these features are associated with data noise. By smoothing the coefficients, the model
becomes more stable and capable of identifying general patterns. This is particularly important in
tasks related to forecasting in automation systems, where data can be highly noisy. In GTPs, Ridge
can be used for predicting temperature, pressure, or vibration, providing stable results even in the
presence of imperfections in the measurement data.

L1 regularization introduces a penalty proportional to the sum of the absolute values of the model
coefficients. The objective function for LASSO is as follows:

J(0)=3(v-3,) +236 | @)

Unlike L2 regularization, L1 leads to the zeroing of coefficients for some features, making it par-
ticularly useful for feature selection in tasks with high-dimensional data. Lasso automatically selects
the most significant features, reducing the others to zero. This not only improves model interpreta-
bility but also allows for data dimensionality reduction, which is critical in systems where a large
number of parameters are analyzed. In GTP condition monitoring systems, LASSO helps identify key
parameters, such as vibration or rotational speed, while ignoring less significant data. This simplifies
the interpretation of results and reduces the computational load.

ElasticNet combines the advantages of L1 and L2 regularization by adding a penalty to the error
function that includes both the sum of squared coefficients (L.2) and the sum of their absolute values (L1):
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where o regulates the balance between the L1 and L2 components.

ElasticNet is particularly effective in situations where features are correlated with each other or
when the data contain both relevant and irrelevant variables. Unlike LASSO, which tends to select
one feature from a group of correlated ones, ElasticNet can retain several such features [13].

In forecasting tasks for equipment parameters, ElasticNet enables:

* Accounting for correlated parameters, such as pressure and temperature in power equipment
systems;

» Selecting key features while maintaining model robustness to noise;

* Providing a better balance between accuracy and interpretability, especially when working with
high-dimensional and noisy data.

For example, in GTP control systems, ElasticNet can be used for predicting component wear, where
data is collected from dozens of sensors, many of which have interrelated measurements.

Application of regularization in PLC-based systems

Programmable Logic Controllers (PLCs) play a key role in industrial automation systems. Modern
data analysis approaches, such as machine learning and predictive analytics, are increasingly being
applied at the PLC level. However, the implementation of such technologies faces a number of unique
constraints, including limited computational resources, strict processing time requirements, and the
necessity of integration with existing systems. Regularization methods, such as L1 and L2, can be
adapted for these conditions, ensuring algorithm robustness to noise and improving prediction ac-
curacy [14].

Modern PLCs, such as Siemens SIMATIC or Allen-Bradley CompactLogix, support analytics
and machine learning algorithms, including linear regression, time series forecasting, and anomaly
recognition. However, most complex computations, such as neural network training, are performed
on external devices, for instance, in the cloud or on local servers. PLCs are then integrated with these
systems to perform real-time predictions [15].

To apply L1 and L2 regularization methods under constrained computational resources, it is nec-
essary to adapt the algorithms. This may include:

* Model compression: Using pre-trained models where regularization was applied during the trai-
ning phase, with a simplified version deployed on the PLC.

« Data dimensionality reduction: L1 regularization (e.g., via LASSO regression) allows for the
exclusion of irrelevant features, minimizing the volume of data processed by the controller.

» Data preprocessing: Regularization can be used to stabilize predictive models on an external
server, after which the optimized model is loaded into the PLC for executing predictions.

Regarding integration possibilities with existing automation systems, the integration of regulariza-
tion methods with PLC systems can be achieved through the use of existing communication protocols
(Modbus, OPC UA) and specialized libraries. For example:

» Using data from the PLC for preliminary processing on an external device and returning opti-
mized parameters;

* Embedding regularized models (e.g., Ridge regression equations) directly into the PLC code
written in IEC 61131-3 languages (ST or SCL).

Such integration minimizes modifications to the existing infrastructure and maximizes the use of
analytics capabilities in real-time conditions.

Suppose a time series describing equipment temperature is being analyzed, where the data contains
noise and outliers due to sensor malfunctions. Using Ridge regularization, probable deviations from
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Fig. 1. Prediction of the best model

the norm can be forecast. Suppose a time series describing equipment temperature is being analyzed,
where the data contains noise and outliers due to sensor malfunctions (Fig. 1). Using Ridge regulariza-
tion, probable deviations from the norm can be forecast.

In a GTU diagnostic system, parameters must be adjusted under unstable data conditions using
LASSO to identify the most significant parameters for optimization. LASSO effectively identifies
key parameters by zeroing out insignificant ones. This helps focus on important features, minimizing
model complexity and improving result interpretability.

The performance of the methods is analyzed using real data from a gas turbine engine within the
framework of the research problem of reconstructing the time series of oil temperature at the GTU
bearing outlet. It is assumed that the corresponding sensor has failed, and its readings need to be
reconstructed based on measurements from other standard engine parameters. Time series of the follow-
ing parameters are used as input features:

* Qil temperature readings in various GTU components;

* Fuel gas consumption;

* Power turbine rotational speed;

« Compressor turbine rotational speed;

* Vibration displacement;

* Qil pressure;

« Exhaust gas temperature;

» Air inlet pressure.

Some of these parameters are physically related to oil temperature. However, to complicate the
task, features possessing weak or no correlation with the target variable are additionally introduced
into the model. This creates a redundant feature space that includes irrelevant data. Furthermore, the
experimental data contain noise due to measurement errors and outliers.

This problem formulation allows for demonstrating the impact of regularization under conditions of:

* Multicollinearity;

* Presence of irrelevant features;

* Noisy and unstable measurements;

* Risk of model overfitting.

The test set is formed from the last 20—30% of the time-series measurements, which corresponds
to a real-world scenario of forecasting future values based on historical data.

To ensure experimental reproducibility, the pseudo-random number generators for Python, NumPy,
and TensorFlow were fixed, and random shuffling of the training set was disabled.
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To solve the problem, a regression-type neural network model with regularization is used: LASSO
(L1), Ridge (L2), and ElasticNet (combination of L1 and L2). The obtained models are depicted in
Fig. 2.

In the scikit-learn library implementation, the regularization parameter is denoted as o, which
corresponds to the coefficient A in the mathematical notation of formulas 1 and 2.

The parameter A (a) determines the trade-off between approximation accuracy and model com-
plexity. For small values of A, the model seeks to minimize the error on the training set, which can
lead to overfitting. For excessively large values of A, the model becomes overly smoothed and loses its
ability to adequately describe the data (underfitting).

The optimal value of A cannot be determined analytically and depends on:

* Sample size;

* Level of noise in the data;

* Degree of feature correlation;

* Model complexity.

Increasing the data volume generally allows for a smaller A, whereas a high noise level or the presen-
ce of numerous irrelevant features necessitates stronger regularization.

In this work, the optimal value of A is selected through a grid search over a logarithmic scale (e.g.,
10-°—107") using a validation set. The selection criterion is the minimum error on the validation data.
The final quality assessment is conducted on the test set, which was not involved in hyperparameter
tuning.

This approach ensures a correct assessment of the model’s generalization capability and eliminates
bias in the results.

For the investigated problem, the optimal A value was selected through a grid search over a loga-
rithmic scale from 10-¢ to 10. The coefficient selection plots for the Ridge and LASSO methods are
shown in Fig. 3. Based on this method, the following regularization coefficients were obtained: L1 —
0.0025, L2 — 0.04. Additionally, a heatmap was generated to find the optimal coefficients for the
ElasticNet method (Fig. 4), yielding the following regularization coefficients: L1 — 10=°, L2 — 0.023.

For this problem, the following model quality metrics were obtained (Table 1). Based on the pre-
sented results, a significant influence of regularization on the generalization capability of the neural
network model can be concluded.

Analysis of the mean squared error (MSE) values shows that the model without regularization demon-
strates the worst result. This indicates pronounced overfitting: the model approximates the training set
too precisely but generalizes poorly to the test interval data.

The addition of regularization leads to a sharp decrease in error:

» with L1 regularization, the MSE value reduces to 0.021;

33



4yCTp017ICTBa N CUCTEMbI Mepeaayn, npuemMa n 0bpaboTkn CMrHanoB

| _a
—— alpha_L1
12 —— alpha_L2
1.0
u‘é 0.8
0.6
0.4 T
10I*5 10"‘ mI*j lol’? 1071 160 1{;1
alpha
Fig. 3. Finding optimal L1 and L2 regularization coefficients for Ridge and LASSO methods
10! 0.0
10° &
107!
= 0.6
? 1072 ué
1073 0.5
107 F 0.4
10-5 -
10°  10¢ 10 107 107! 10° 10!
L2 alpha
Fig. 4. Finding optimal L1 and L2 regularization coefficients for the ElasticNet method
Table 1

Training results

Model MSE MAE R?
Without train 0.015 0.059 0.734
regularization test 0.072 0.097 —2.752
o train 0.05 0.056 0.118
L1 regularization
test 0.021 0.054 —0.119
o train 0.051 0.057 0.1016
L2 regularization
test 0.019 0.045 —0.0079
) train 0.051 0.058 0.099
ElasticNet
test 0.02 0.045 —0.022

« with L2 regularization, the best result is achieved — 0.019;

* the ElasticNet (L1+L2) model shows a comparable value — 0.020.

A similar trend is observed for the MAE metric: a decrease from 0.097 (without regularization) to
0.045—0.054 when using penalty terms. The minimum MAE value (0.045) is achieved with L2 regu-
larization and ElasticNet.
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The coefficient of determination R? remains negative in all cases, indicating that the models are
still inferior to a naive mean prediction. However, the addition of regularization significantly brings
the model closer to an adequate description of the data: the R? value improves from —2.752 (without
regularization) to —0.0079 with L2 regularization. This signifies the virtual elimination of the overfit-
ting effect and a substantial increase in model robustness.

In a similar study [17], comparable results were obtained. The authors note that the application
of L1 regularization allowed for a reduction in the number of initial features by 60—90%, which is
consistent with the results obtained in the present work, where a significant decrease in the effective
dimensionality of the input space is also observed.

Furthermore, study [17] showed that L2 regularization helps reduce the impact of multicollinear-
ity among features and provides a 12—18% increase in prediction accuracy. In the present study, the
application of L2 regularization also led to a significant improvement in model quality compared to
the version without regularization, confirming its effectiveness for the considered time series recon-
struction task.

Thus, the results confirm that for the task of reconstructing a sensor time series from indirect
measurements, the application of regularization is a necessary condition for obtaining a robust model.
In this experiment, L2 regularization proved to be the most effective, providing the minimum MSE
and MAE values, as well as the best coefficient of determination.

The LASSO method demonstrates the ability for automatic feature selection. As the parameter o
increases, some coefficients are zeroed out, leading to the exclusion of irrelevant parameters from the
model. This is particularly effective under conditions of introduced redundant and weakly correlated
features.

At small values of o, LASSO’s behavior is close to that of ordinary linear regression. As o increas-
es, a sequential zeroing of weights occurs, which reduces the influence of noise and enhances model
interpretability. However, excessive regularization can lead to the removal of informative features and
an increase in error.

The Ridge method smoothly reduces the values of coefficients, without bringing them to zero. This
ensures smoothing of weights and model stability in the presence of multicollinearity among GTU
parameters.

Ridge is better suited for tasks where most features contain useful information, but their influence
needs to be constrained to prevent overfitting. Model predictions are characterized by greater stability
on the test set.

ElasticNet combines the properties of L1 and L2 regularization and is an effective tool in the pres-
ence of correlated features and redundant data. Under the conditions of this experiment, this method
simultaneously allows for reducing model dimensionality and smoothing coefficients, ensuring ro-
bustness to noise.

Advantages and limitations of regularization methods

Regularization methods, such as LASSO and Ridge, are powerful tools in machine learning and
statistics. They find application in forecasting and data analysis tasks due to their ability to improve
model generalization capability and combat the problem of overfitting. The advantages of these meth-
ods include the reduction of overfitting, increased model robustness to noise, and the ability to work
with high-dimensional data. Various limitations arise. When working with high-dimensional data,
finding a suitable o can be challenging due to the difficulty of assessing model generalization capa-
bility. This leads to specific requirements for hyperparameter tuning. ElasticNet, combining L1 and
L2 regularization, is often used to overcome the shortcomings of LASSO and Ridge. However, the
interpretation of coefficients becomes more complex, as the model includes components from two
different methods. There is also a dependency on the quality of the initial data and sensitivity to the
scale of the data (requiring feature normalization).
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Conclusion

The conducted experiment on reconstructing the oil temperature time series under sensor failure
demonstrated that regularization methods significantly enhance model robustness under conditions
of noise, redundant, and weakly correlated features. Methods for finding regularization coefficients
(o) for industrial systems were also addressed, and recommendations for finding optimal model reg-
ularization hyperparameters were proposed.

L1 regularization is effective when automatic selection of significant parameters is necessary,
whereas L2 regularization ensures more stable model behavior in the presence of multicollinearity.
The optimal value of the parameter o is determined experimentally through validation and depends on
the data structure and noise level.

The practical application of L1 and L2 regularization methods in diagnostic and parameter recon-
struction tasks for gas turbine units confirms their feasibility for industrial automation, where data are
characterized by noise, correlation, and the potential redundancy of measured parameters.
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Abstract. The trend towards increasing the energy efficiency of transmitters used in radio
and telecommunications systems focuses the attention of equipment developers on finding
optimal solutions when transitioning from linear power amplifiers (PAs) to amplifiers operating
in switching mode. It is shown in the paper that signal distortion level along with high energy
efficiency must be considered as an important parameter of PA. Reasons of signal distortions
in class E switched-mode PA used in polar architecture transmitters are given. It is shown that
most sufficient distortion is caused by phase shift of the load current, which results from the
nonlinear change of transistors’ output capacitance when amplifying signals with a non-constant
envelope. The results of calculations of the error vector magnitude when using multilevel
spectrally efficient modulation types, in particular quadrature amplitude modulation (QAM)
and amplitude-phase shift keying (APSK), are presented. The results confirmed that for class E
PA the most sufficient type of distortion is phase distortion. The results of analytical model are
confirmed by simulation. It is shown that for 16-QAM at bit error rate = 10~*, the energy loss is
0.5 dB, while for 16-APSK its value increases to 2.2 dB. The results presented in the paper can
be used in the development of signal predistortion methods for switching class E PAs, ensuring
a reduction in signal distortions.

Keywords: switched-mode power amplifier, envelope amplifier, class E, AM/AM, AM/PM, EVM
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AnHoTammaA. TeHIeHIMS K MOBBIIICHUIO SHEPTreTUYeCKOi 3((HEKTUBHOCTU TPAHCMUTTEPOB,
MIPUMEHSIEMBIX B CUCTEMaX PaaudoCBsI3U U TeJEKOMMYHUKaLUi, (hOKyCUpyeT BHUMaHuUe pa3pa-
OOTYMKOB ammapaTypbl Ha TTOMCKE ONTUMAJIbHBIX PEIICHUI TIPU MEepPexoe OT MCIOJIb30BaHUS
JIMTHEWHBIX YCWIMTENIe MOIIHOCTU K YCUJIUTENSIM, pabOTaloOmUM B KITIOUeBOM pexume. B pa-
00Te MmoKa3aHo, YTO IIPU 3TOM HEOOXOAMMO HE TOJBKO OLIEHMBATh JOCTUTAEMBIi BHIUTPHIII I10
KII[I, HO 1 yYUTHIBaTh YBEIMYCHHNE YPOBHS HEJIMHEHHBIX MCKaXXeHWI curHajmoB. PaccMmorpe-
Hbl MEXaHU3MBbl, TIPUBOMISIINE K MOSBICHUIO MCKAXEHUI CUTHAJIOB B YCHJIMTEISIX MOIIHOCTHU
knacca E, mpuMeHsieMbIX B TpaHCMUTTEpax ¢ MOJSPHOUN apxuTektypoii. [TokazaHo, 4to mpu
YCWICHWM CUTHAJIOB ¢ M3MEHSIOIIecsT ornbaronieil Hanbojee 3aMeTHOE BIMSIHUE Ha MCKaXe-
HUE CUTHAJIOB OKa3bIBaeT Mapa3UTHBIN (ha30BbIil CABUT TOKa B HATrpPy3Ke YCWJIMTENS] MOIIHO-
CTH, OOYCITOBIICHHBIIT M3MEHEHNEM BBIXOTHOU eMKOCTHU TpaH3UCTOpa. [IpuBeaecHBI pe3yabTaThl
pacyeToB aMIIATYIBI BEKTOPHOM OMIMOKM IPU UCITOJb30BAaHUU MHOTOYPOBHEBBIX CIICKTPAIh-
HO 3¢ (GEKTUBHBIX BUAOB MOIYJISLIMY, B YaCTHOCTU KBaApaTypHOI aMIUIMTYIHOU MOOYJISIIUMN U
aAMIUIUTYIHO-()a30BOI MOLYJISILIMM, KOTOPbIE TONTBEPAUIN, YTO (ha30Bble UCKAXKEHUST OKa3bl-
BalOT TIpeBajMpylolllee BAUSHUE Ha YXyIIIEHUEe CBOMCTB CUTHAJIOB. DTOT BBIBOJ MOITBEPKIa-
€TCsI pe3y/IbTaTaMy pacyeTa BEpOSITHOCTH OMTOBOM omnbku. [TokazaHo, uro mig 16-QAM npu
BER = 10~* sHepretnueckuii mpourpsiin coctasisiet 0,5 n1b, a st 16-APSK ero 3HaueHue
yBenuumBaeTcst 10 2,2 n1b. IIpencTaBieHHBIE B paboTe pe3yJbTaThl MOTYT OBITH MCIIOJIb30Ba-
HBI TIpY pa3padbOTKe METOMOB MPEeAbICKaXKEHUII CUTHAJIOB B KIIOUEBBIX YCUIUTEISIX MOIIHOCTU
kJacca E, obecrieunBaronnx CHUKeHUE UCKAXKEHUI CUTHAIOB.

KimoueBsbie cioBa: KITII0OUEeBO yCHJIMTENh MOIIHOCTU, YCUIIUTENb oTudaroeii, kiace E, AM/
AM, AM/PM, aMnuTyna BEKTOPHON OIIMOKU

Jna nurupoBanus: Pham H.D., Sorotsky V.A., Treimut N.A. Signal distortion in polar archi-
tecture transmitters using class E RF power amplifiers // Computing, Telecommunications and
Control. 2026. T. 19, Ne 1. C. 38—45. DOI: 10.18721/JCSTCS.19104

Introduction

Today the most important tasks for telecommunication and radio systems engineers are data rate
and energy efficiency improvement. However, it is challenging to fulfill both of these tasks. To pro-
vide data rate improvement, signals with different quadrature amplitude modulation (QAM) types are
widely used [1, 6, 13]. These types of signals could be characterized by relatively big constellation size
and high spectral efficiency compared to simple analog modulation or manipulation. Despite positive
qualities, such signals could be characterized with high dynamic ranges, and high distortion sensitiv-
ity. As a result, relatively small nonlinearities in power amplifier (PA) transfer characteristics could
cause severe rise in error vector magnitude (EVM) in the transmitter, as well as in bit error rate (BER).
These circumstances have led to a significant increase in the requirements for the linearity of PAs.

The use of signals with complicated types of modulation, in addition to increasing the PA linearity,
requires its efficiency rising. The main problem here is that amplifying signals with a high peak to
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average power ratios using linear mode PAs usually decreases the efficiency to 25—30% [2, 3] and this
level sufficiently can be increased only by using a switched-mode PA, for example, class E mode [4,
5]. At the same time, it must be remembered that switched-mode PAs are fundamentally nonlinear
and its use may be accompanied by an increase in signal distortion.

In well-known publications devoted to the analysis of class E PA characteristics, the authors limit
themselves to considering the case of a constant voltage in the transistor supply circuit [4, 5, 7, §].
The main attention in these works is paid to providing the conditions necessary to eliminate switching
losses, for example, switching the transistor at zero voltage at the drain-source terminals (zero voltage
switching, ZVS) and zero current in the drain circuit (zero voltage derivative switching, ZVDS). At
the same time, it is obvious that the ZVS and ZVDS conditions can only be implemented at a fixed
frequency and are extremely sensitive to changes in load and supply voltage: any deviations from the
nominal values change the dynamics of the output capacitance charging process, leading not only
to an increase in switching power losses, but also to the appearance of amplitude changes which are
linear distortions for PA. Moreover, if we consider that the output capacitance of the transistor does
not remain constant when the drain voltage changes, as is commonly assumed in well-known class E
models, but changes according to a nonlinear law [9], then it is appropriate to assume the appearance
of phase distortions of the signals.

The purpose of this work is to study the effect of the nonlinear dependence of the output capac-
itance of a transistor on the voltage at the drain-source terminals on the distortion of signals with a
non-constant envelope in a polar architecture transmitter.

Signal distortion estimation when assuming nonlinear output capacitance in class E PA

It is well-known that in order to amplify signals with a non-constant envelope using a switched-
mode PA, the transmitter must be designed in accordance with the polar architecture (Fig. 1). In the
RF channel, the amplitude-limited phase-modulated high-frequency signal S (#) of the original RF
signal S(?), and the envelope channel provides amplification of signal’s envelope Senv(t), which then
enters the power supply chain of the class E PA.

During this work we will assume that the envelope amplifier (EA) does not introduce distortions
into the signal and distortions are caused only by the properties of the class E PA. The equivalent cir-
cuit of PA, taking into account the specifics of its operation as part of a polar architecture transmitter,
is shown in Fig. 2. It has fundamental differences from the well-known class E PA models [4, 5]. As
noted above, the voltage in the drain circuit of the transistor is not constant and its behavior can be
taken into account using the voltage source Vd /(). With this in mind, the output capacitance of the
transistor (the capacitance of the forming contour) is also not fixed and can increase or decrease in
accordance with the law of voltage change V', (¢) [9].

The estimation of nonlinear distortions in the class E PA was carried out in two steps. On the first
one, according to the diagram in Fig. 2, the voltage Vd /() was changed and the amplitude and phase
of the current in the load were fixed. During this measurement, the phase of the load current at the
peak point — when the voltage Vd /(1) reaches the maximum value of Vd 7 max and the PA operates in
soft switching mode with ZVS and ZVDS conditions — was taken as the initial one. A low-pass filter
was used as the load, the parameters of which were determined from the condition for ensuring the
frequency overlap coefficient Kf = j;nax/fmin ~ 1.6 [11]. The evaluation showed that with a decrease in
voltage in the range from 1.0 Vd  max 10 0.1 Vd 7 mae L€ output capacitance of the transistor increases
by 3.9 times.

The amplitude (AM/AM) and amplitude-phase (AM/PM) characteristics of the PA depend on the
relative voltage Vddmax are shown in Figs. 3, 4.

As follows from the analysis of these dependencies, the most noticeable effect of the nonlinearity
of the transistor capacitance in a class E PA in a transmitter with a polar architecture is on the
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Fig. 3. AM/AM characteristic

amplitude-phase response, leading to a noticeable additional phase shift, which, with the indicated
change in the output capacitance of the transistor Cmax/ Cmin = 3.9, reaches 20 degrees.

At the second stage of the research, the EVM was estimated using simulation modeling. During
modelling signals with QAM and amplitude-phase shift keying (APSK) were used. These results are
shown in Table 1. Here, for comparison, the EVM values, calculated analytically using AM/AM (Fig. 3)
and AM/PM (Fig. 4) characteristics are presented.

From the analysis of the results presented in table 1, we can conclude that the difference between
the results of the EVM values obtained on the basis of analytical calculations and by simulation mod-
eling does not exceed 1%. Considering that the analytical approach is much simpler to implement, it

can be recommended as an estimation of the upper boundary of the EVM value.
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Table 1

EVM for different modulation types

Modulation Analytic model, % Simulation, %
16-QAM 6.77 6.54
64-QAM 8.56 7.89
256-QAM 9.58 8.66
16-APSK 8.15 8.13
64-APSK 8.44 8.67

The impact of nonlinear distortion introduced by the class E PA on the constellation diagram can
be evaluated from the positions of the received signal points for 16-QAM and 64-QAM modulated
signals. These effects are clearly illustrated in the constellation diagrams presented in Fig. 5, which
allow direct visual assessment of the scattering and displacement of the constellation points caused by
the amplifier’s nonlinear behavior.

Analyzing the relative contribution of amplitude and phase distortions in class E PA to the EVM
value, it should be noted that the influence of the second type of distortion is much more noticeable.
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This, in particular, can be seen from a comparison of the dependencies in Figs. 3 and 4. A more de-
tailed analysis showed that if it were possible to exclude a parasitic phase shift of the PA output current
due to a change in the transistor capacitance, then in this case the EVM would be much smaller and
amounted 1.82%. This result is in good agreement with diagrams of constellations shown in Fig. 6
corresponding to 16-QAM in the presence and absence of phase distortions.

Let us evaluate the effect of distortion in Class E PA on the probability of BER depending on the
ratio of bit energy to spectral noise density using 16-QAM and 16-APSK signals as examples. The
BER performance is evaluted in a channel with additive white Gaussian noise in the presence and
absence of nonlinear distortions in the PA (Fig. 7).

From the analysis of the diagrams in Fig. 7, it can be seen that at BER = 104, the distortions
introduced by the class E PA in the case of signals with 16-QAM lead to an energy loss of 0.5 dB, and
with 16-APSK, the loss increases to 2.2 dB. The stronger sensitivity of APSK signals to nonlinear dis-
tortions is due to the fundamental structure differences of their constellation’s geometry [12], as well
as the fact that phase distortions have stronger effect than amplitude ones in class E PA.

Conclusion

Summarizing the results obtained in this paper, we note the following:
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1. It is shown that when applying amplifiers operating in switching mode, it is necessary not only
to evaluate the efficiency gain achieved in this case, but also to take into account the increase in the
level of nonlinear signal distortions.

2. One of the main reasons for the increase in the level of nonlinear distortions in the case of
class E PA in a transmitter with a polar architecture is the appearance of a parasitic phase shift of the
load current caused by a change in the output capacitance of the transistor when amplifying signals
with a non-constant envelope. In particular, it is shown that for the GaN transistor used in the study,
the change in the output capacitance of the device can reach 3.9 times, and the parasitic phase shift
caused by this effect reaches 20 degrees.

3. Evaluation of the EVM in class E PA based on analytical approach, as well as using simulation
modeling, showed that both methods provide approximately the same accuracy, moreover, difference
in the EVM value does not exceed 1%. Needless to say, the analytical method is characterized by sig-
nificantly less labor intensity.

4. When assessing the relative contribution of amplitude and phase distortions to the EVM value,
it was found that the second type of distortion is predominant in class E PA. Therefore, in the case of
signals with 16-QAM, the presence of amplitude distortion leads to an EVM value of 1.82%, and in
the case of simultaneous action of both types of distortion, EVM = 6.77%.

5. The results of evaluating the effect of signal distortion in class E PA on the probability of bit
error showed that at BER = 10~ in the case of signals with 16-QAM energy loss is 1.5 dB, and when
using 16-APSK signals, the loss increases to 2.2 dB.
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Abstract. This work investigates the improvement of digital watermark detection robustness
by applying image sharpening prior to the detection stage for an algorithm through the use of
DCT-domain for both embedding and detection. Watermark detection is treated as a binary
classification problem, enabling the use of the recall metric to evaluate the quality of detection.
The recall metric is calculated on a set of test images by embedding and detecting the watermark
with unsharp masking applied as a pre-filtering step. A method for selecting the optimal
sharpening strength coefficient is proposed, based on maximizing the recall metric under fixed
embedding and detection parameters. Computational experiments across a range of distortions
demonstrate that pre-filtering with the optimal sharpening strength coefficient determined
by the proposed method increases the true positive detection rate for most tested distortions
without increasing the number of false positive detections.
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protection
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AnHoTamms. B nmaHHO#W paboTe wuccienyercsl MOBBIIIEHUE YCTOMYMBOCTU OOHApYyXKEeHUS
undpoBbix BoasHBIX 3HAKOB (L[B3) myreMm yBenuueHus: pe3KOCTU M300paKeHUs Tepe ITa-
MOM OOHapYXEeHWSs JJIsl AITOPUTMA, UCTIONB3YIOIIEeTO TP BCTPAUBAHUYU U O0OHAPYXKEHUU 00-
JlacThb KO3(OUIMEHTOB NMCKPETHOTO KOCMHYCHOIr0o mpeodpa3oBaHus. 3amaya oOHapyKeHUS
LIB3 paccmarpuBaeTcsl Kak 3agaya OMHapHON KjaccU@UKaALIMU, YTO MO3BOJISIET UCIOJIb30BaTh
METPUKM KadyecTBa OMHApHBIX KJIaCCH(UKATOPOB, B YACTHOCTU METPUKY MOJHOTH. 3HaUYeHUE
METPUKM TIOJTHOTHI BBIYUCIISIETCS] Ha HAOOpE TECTOBBIX M300paKEeHWI IMyTeM BCTpauBaHUS U
nocyienyotniero ooHapyxenus L[B3 ¢ mpenBaputenbHbIM yBeandeHueMm pe3koctu. [Ipemso-
3KeH METOJ BBIOOpa ONMTUMAaIbHOTO KOd(hGhUIIMEHTa YBEIUUEeHUSI PE3KOCTH, OCHOBAHHBIN Ha
MaKCUMU3AIUM 3HAYCHUS METPUKHU TTOJHOTHI MPU (PMKCUPOBAHHBIX TTapaMeTpax BCTpauBaHMS
u obHapyxXeHUsl. Pe3ynbraThl BHIYMCIMTEILHOIO 3KCIIEPUMEHTA MOKa3bIBAaIOT, UTO MpeaBapu-
TeJbHOE YBEJIMYEHUE PE3KOCTU M300paxeHus nepen ooHapyxkeHuem LIB3 ¢ ucnonbzoBaHueM
KoadduimeHTa, BBIOPAHHOTO MPEIIOKEHHBIM METOIOM, TIOBBIIIAET YUCIO UCTUHHO TTOJIOXHU-
TEJTbHBIX OOHAPYXEHUH 1Jis1 OOJIBIIMHCTBA TTPOTECTUPOBAHHBIX UCKAXEHUI W HE TIPUBOIUT K
YBEJIMYCHUIO KOJTUYECTBA JIOXKHO IMOJOXUTEIBHBIX Cpa0aThIBAHUM.

KmoueBbie cioBa: 111(poBOii BOASIHOM 3HAK, AUCKPETHO KOCUHYCHOE Mpeodpa3zoBaHue, Hepes-
KO€ MacKMpoOBaHHUe, MOJHOTA, 3alllMTa OT HECAHKIIMOHUPOBAHHOTO KOMTUPOBAHUSI

Jna murupoBanus: Anzhin V.A. Method for selecting the strength of unsharp masking pre-filter
used to enhance the detection rate of DCT-domain image watermarks // Computing, Telecom-
munications and Control. 2026. T. 19, Ne 1. C. 46—56. DOI: 10.18721/JCSTCS.19105

Introduction

A digital watermark is information embedded into host digital content (a container). The purpose
of watermarking includes copyright protection, authentication, and traceability of digital media [1].
Over the past decades, a wide range of watermarking algorithms has been proposed [2, 3]. In this
work, we focus on algorithms designed for digital images.

During the embedding stage the watermark is inserted into the container. Watermark embedding is
paired with a detection algorithm, designed to verify the presence of a specific watermark within the
analyzed container. Between the embedding and detection stages, the container can be modified by a
range of distortions. These distortions may arise from unintentional factors such as signal processing
operations occurring during transmission or losses in communication channels, as well as from at-
tempts to remove the watermark.

Within a broad class of algorithms [4], the digital watermark is a pseudo-random sequence embed-
ded into the container. Watermark detection is performed by calculating the correlation between the
tested container and the watermark. The container is marked as watermarked when the correlation
exceeds the selected detection threshold.

© AHXUH B.A., 2026. N3paTenb: CaHKT-MeTepbyprckuii NOIUTEXHUYECKUI YHUBEPCUTET NeTpa Bennkoro


https://orcid.org/0009-0006-1273-6703

KoMnbloTepHble CeTH, BbIYNCUTENbHBIE, TENIEKOMMYHUKALMOHHbIE,
ynpasnsaowmne n UsMepuTebHble CUCTEMbI

>

The correlation calculated between watermark and watermarked container for a watermark embed-
ding and detection algorithm depends on both the embedding parameters and the distortions affecting
the container. Distortions often decrease the correlation [5], resulting in undetected watermarks and
reduced detection rates. However, certain types of distortions can increase the correlation, which
improves detection performance. As described in [6—8], the use of sharpening filters as a pre-filtering
step during the watermark detection stage improves the performance of the detection process.

In [6], the authors propose applying a linear unsharp masking filter before the watermark extrac-
tion in a spatial-domain correlation based watermarking scheme. The authors experimentally test the
proposed method on a few images under several distortions and show that applying linear unsharp
masking filtering prior to the extraction leads to better visual quality of the recovered watermark com-
pared to the baseline method.

In [7], the authors propose using adaptive unsharp masking as a pre-filtering step before watermark
detection. The proposed method adjusts the sharpening strength locally based on the contrast levels
of the image. The authors demonstrate that using the proposed method can improve objective quality
metrics for watermarking algorithm operating in the Discrete Cosine Transform (DCT) domain.

In [8], the authors propose a pre-filtering step applied before watermark extraction in a DCT-do-
main watermarking scheme. The pre-filtering process involves using an unsharp masking filter in
combination with a Laplacian of Gaussian filter. The authors demonstrate that the proposed pre-fil-
tering improves the quality of the extracted watermark compared to schemes without pre-filtering.

In our work we consider the use of an unsharp masking [9] which is a one of classical sharpening
filters as a pre-filter applied to the watermarked container on the detection stage. The sharpened im-
age is then used for watermark detection. Sharpening can be applied with different strength coefficients.
In this paper, the impact of the sharpening strength coefficient to detection performance is evaluated. A
method is proposed for determining the optimal sharpening strength coefficient through computational
experiments with a software implementation of a watermarking algorithm. The founded optimal coeffi-
cient is then evaluated by testing detection rates on a set of images and range of distortions.

Methods

DCT-domain image watermarking

For embedding the watermark by the DCT based watermarking algorithm [10], the original image
is divided into blocks of 8x8 pixels. A DCT is applied to each block. The transformed block of DCT
coefficients is then converted into a sequence of 64 elements using ZigZag scanning [11], which
reorders the DCT coefficients from low to high frequencies. In each sequence, the most significant
low-frequency DCT coefficients are discarded. The remaining DCT coefficients are concatenated
into a single sequence CU. The length of Co is n. The watermark VK is a sequence of length n with el-
ements generated according to the normal distribution N(0, 1). The watermark ¥ _is embedded into
the sequence C by equation (1). The modified blocks are transformed by inverse DCT to obtain the
watermarked image.

C,=C, +al, (1)

where CW, Co, WeR,neN,aeR
To detect the watermark W the normalized correlation (2) is calculated between W and the se-
quence of DCT coefficients C extracted from image.

w.[i]
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where C, W e R ,n e N.

To determine the watermark Wr present in the image C the equation (3) with selected threshold
detection threshold 0 € R is used:

Z,.(C.w,)>6. (3)

Unsharp masking filter

Sharpening is a filtering method used in image processing and digital photography [9]. The pri-
mary goal of sharpening is to increase the contrast between adjacent pixels in the image. Sharpening
is achieved by amplifying high-frequency components which correspond to high-intensity parts of
the image, while leaving low-frequency regions unaffected. Unsharp masking is a classical tool for
sharpening enhancement.

The process of unsharp masking involves generating a low-frequency (blurred) version of the im-
age, which is used as a low-pass image approximation. Subtracting low-pass image approximation
from the original image produces the high-frequency part of the image. The unsharp masked image
is obtained by adding a high-frequency part scaled by sharpening strength coefficient to the original
image.

In our work, the unsharp filter implemented in FFmpeg' is used for unsharp masking. The code
of unsharp masking filter is based on the blurring algorithm described in [12]. The unsharp filter in
FFmpeg has a sharpening strength coefficient limited to a maximum value of 5. For testing unsharp
masking on higher sharpening strength coefficients, it is necessary to remove this restriction. The
patch of FFmpeg code for removing this restriction can be found in the repository?.

Method for selecting the optimal sharpening strength for watermark detection

Digital watermark detection can be considered as a binary image classification problem, which
allows using the binary classification metrics to evaluate performance of detection. In this work, the
optimal sharpening strength coefficient is determined by maximizing the recall metric [13] calculat-
ed by equation (4). The choice of this metric is motivated by the fact (as will be demonstrated in the
following experiment) that changes in sharpening strength coefficient affect the number of correctly
classified actual positives (true positive detections), while having no impact on the number of incor-
rectly classified actual negatives (false positive detections). This allows avoiding the need to prepare
images for false positive detection analysis, thereby reducing the overall computational cost of the
experiment.

Recall = L, 4)
TP+ FN

where TP is the number of watermarked images in which the watermark was detected, F'N is the
number of watermarked images in which the watermark was not detected.

To perform the experiment for evaluating the quality of sharpening strength coefficient, it is need-
ed to select a detection threshold 0. For the following experiments, the detection threshold is selected
as the value below which false positive watermark detections begin to occur. To select this threshold, a
computational experiment on the image set is conducted. A random watermark is embedded into each
image in the set, and the correlation is calculated between the watermarked image and another water-
mark that was not embedded into that image. The maximum value from these calculated correlations
is selected as the detection threshold.

' A complete, cross-platform solution to record, convert and stream audio and video. [online] Available: http:/ffmpeg.org (Accessed 01.11.2025)
2 GitHub — anjin-viktor/detect-with-unsharp: This repository contains Python scripts, C++ implementation of watermarks, and evaluation results
used in the paper &quot;Selecting the optimal unsharp masking strength for DCT-domain watermark detection via Recall metric optimiza-
tion&quot; - GitHub. [online] Available: https://github.com/anjin-viktor/detect-with-unsharp (Accessed 25.11.2025)
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Although the detection threshold selected by the described algorithm was chosen to avoid false
positives on the used set of images, the selected detection threshold can produce false positives on
other images or randomly generated watermarks.

To evaluate the quality of sharpening strength and calculate recall metric, the experiment is con-
ducted on a set of images. Random watermarks are generated and embedded into every image in the
set. Since the detection rate is high for undistorted watermarked images, all watermarked images
are distorted using a selected filter. After distortion, each image is processed by an unsharp masking
filter with the evaluated sharpening strength. Watermark detection is then performed on the unsharp
masked images, and the count of true positive detections is calculated. After processing all images in
the set, the recall metric is calculated.

The recall metric calculated by the described algorithm for a watermarking algorithm with fixed
embedding and detection parameters depends on the set of images, the filter applied to introduce
distortions, and the sharpening strength coefficient used in the unsharp masking pre-filtering. The set
of images and the distortion filter are selected once before the experiment. As a result, after all other
parameters are fixed, the recall metric can be considered as a function of the sharpening strength
coefficient.

The optimal value of sharpening strength is determined by maximizing the recall metric calculat-
ed by the described algorithm. This can be done by iterating through values of sharpening strength
starting from 0 (which correspond to no unsharp masking) up to the point where a stable decrease in
the recall metric is observed. When recall metric calculated by described algorithm has a single ex-
tremum, the methods for optimizing unimodal functions [14] can be used to select optimal value of
sharpening strength.

Method for evaluating watermark detection performance with unsharp masking pre-filtering at selected
optimal sharpening strength coefficient

To evaluate the selected sharpening strength coefficient, an experiment is conducted on a set of
images. During the experiment, the counts of true and false positive detections are calculated with
and without pre-filtering using the selected optimal sharpening strength coefficient.

A random watermark is generated and embedded into each image in the set. Filters are applied
to the watermarked images to introduce distortions. The distorted by filters watermarked images are
used for watermark detection, both with and without pre-filtering by unsharp masking at the select-
ed optimal sharpening strength coefficient. The watermark detection is performed using detection
thresholds selected while finding optimal value of sharpening strength. To evaluate false positive de-
tections, watermark detection is performed using a different watermark that was not embedded in the
images. The result of the experiment is the number of true positive and false positive detections.

Results and discussion

The C++ implementation of the watermarking algorithm, along with the Python scripts for run-
ning the experiments, plotting the figures and the obtained results, are available in the repository?.

The computational experiments were conducted using the DCT-domain watermarking algorithm
[10] with an embedding coefficient a = 0.5, a. = 1 and a = 3. All of these coefficients can be described
as robust enough. The coefficient of o = 0.5 introduces very small distortions that are imperceptible
to the human eye after embedding. The coefficient o = 1 produces minor distortions that are slightly
noticeable. The coefficient o = 3 produces distortions which are visible on some regions of images,
but these distortions do not interfere with the overall perception of the image. Table 1 presents the
average objective quality metrics PSNR [16] and VMAF [17], calculated between the original and
watermarked images on set with 2500 images.

3 GitHub — anjin-viktor/detect-with-unsharp: This repository contains Python scripts, C++ implementation of watermarks, and evaluation results
used in the paper &quot;Selecting the optimal unsharp masking strength for DCT-domain watermark detection via Recall metric optimiza-
tion&quot; - GitHub. [online] Available: https://github.com/anjin-viktor/detect-with-unsharp (Accessed 25.11.2025)
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Fig. 1. Recall metrics calculated on 2500 images

Table 1
The average objective quality metrics of distortions introduced by watermarking

a PSNR VMAF
0.5 52.8 97.39

1 50.5 97.36

3 43.4 97.15

The computational experiment for selecting the detection thresholds was conducted using 2500
images from Flickr8K [15]. The detection threshold values 2.02*10-%, 1.64*10~* and 2.03*10~* were
selected for a = 0.5, a = 1 and a = 3 accordingly.

With these detection thresholds, the algorithm for selecting optimal value of sharpening strength
coefficient was conducted using 2500 images from Flickr8K [15]. For introducing distortion to the
watermarked images, the dctdnoiz filter from FFmpeg* was used with the filtering strength 7, 15, 45
for embedding coefficient o = 0.5, o = 1 and o = 3 accordingly.

The results of the experiment are presented as a plot in Fig. 1. The X-axis represents the sharpening
strength coefficient, varying from 0 (no sharpening) to 100. The Y-axis represents the recall metric
calculated during experiments for corresponding sharpening strength coefficient.

The results of the experiment of evaluating the recall metric show that applying unsharp masking
as pre-filtering step before watermark detection improves watermark detection performance. In the
experiment with oo = 0.5 the recall value without sharpening (strength = 0) is 0.22. As the sharpening
strength increases, the recall metric rises and reaches a maximum value of 0.66 at sharpening strength
52. Beyond this point, the recall value declines slowly. In the experiment with o = 1 the recall metric
without pre-filtering by unsharp masking is 0.43, and the maximum of recall is 0.70 which is achieved
at the sharpening strength coefficient 35.5. Beyond this point, the recall decreases more rapidly com-
pared to the a = 0.5. For a = 3 the value of recall metric without pre-filtering is 0.20, and the maximum
recall is 0.34 which is achieved at the sharpening strength coefficient 37. Beyond this point, the recall
metric also declines.

Based on the results of experiment, it can be observed that applying a unsharp masking as pre-fil-
tering step before watermark detection improves detection performance up to an optimal sharpening
strength coefficient, beyond which additional sharpening degrades detection accuracy. The optimal
sharpening strength coefficient varies depending on the embedding coefficient a. The results also
show that recall metric calculated over 2500 images has several local extremums, which prevents the
use of fast optimization methods [14] designed for unimodal functions. Increasing the number of

4 A complete, cross-platform solution to record, convert and stream audio and video. [online] Available: http://ffmpeg.org (Accessed 01.11.2025)
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images can make plot of recall metric smoother and make the function unimodal, but this will lead to
increasing the computational cost of experiment.

The obtained optimal sharpening strength coefficients were used to evaluate the performance of
watermark detection with unsharp masking pre-filtering. The evaluation was performed using the
Flickr30K [18] dataset which contains 31783 images. During the evaluating, the selected earlier de-
tection thresholds were used (2.02*%1078, 1.64*10~% and 2.03*10~® for o = 0.5, o = 1 and o = 3 accor-
dingly). The results of the experiment are presented in Table 2.

The following FFmpeg’ filters were used to introduce distortions into watermarked images:

* Blurring: "unsharp=7:7:-1:7:7:-1";

* Denoising using the Non-Local Means: "nlmeans=s=15";

» Pixelization: "pixelize=w=2:h=2";

» JPEG transcoding with quantizer 10;

* Contrasting: "colorlevels=rimin=0.3:gimin=0.3:bimin=0.3:rimax=0.7:gimax =0.7:bimax=0.7";

* Noising: "noise=alls=100:allf=u".

In Table 2, the first column “Filter” specifies the FFmpeg filter used to introduce distortion in
images. The column “Embedding coefficient a” specifies the value of embedding coefficient . The
“Unsharp masking pre-filter” column describes whether unsharp masking pre-filtering with the op-
timal sharpening strength coefficient was applied or not during watermark detection. The column
“True positive (%)” contains the percentage of correctly detected watermarks for the corresponding
configuration. The “False positive” column contains the number of false positive detections obtained
under the corresponding configuration.

The results of the experiment show that applying an unsharp masking as pre-filter before water-
mark detection with the optimal sharpening strength coefficient selected by the proposed method
improves the true positive rate in most cases. For low embedding coefficient o = 0.5, the percentage
of true positive detections increases significantly under most distortions, except noising, where it de-
creases from 99.61% without pre-filtering to 79.90% with pre-filtering. For embedding coefficient o =
= | sharpening pre-filtering also improves detection performance for most distortions, except blur-
ring, where the performance slightly decreases. For embedding coefficient oo = 3, the effect of sharp-
ening becomes negligible, because the percentage of true positive detections after introducing distor-
tions by selected filters is close to 100% without pre-filtering. However, in this case slight degradation
in accuracy is observed for distortions introduced by JPEG transcoding and blurring.

Across all tested conditions, the false positive rate remains low, indicating that improvements in
detection accuracy do not come at the cost of an increased count of false positive detections.

The correlations obtained during watermark detections in the experiment were used to plot Re-
ceiver Operating Characteristic (ROC) curves [19]. The ROC curve is a tool for evaluating the per-
formance of results of binary classification. It represents the trade-off between true positive and false
positive detections. In other words, the ROC curve provides a tool for evaluation of watermark detec-
tion robustness by plotting how reliably watermarks can be detected. The ROC curves were generated
using the roc_curve function from the scikit-learn library [20], based on the correlations calculated
during experiment between the watermarked container and the embedded and non-embedded water-
marks. The resulting curves were visualized using Matplotlib [21].

The ROC curves shown in Fig. 2 demonstrates that applying unsharp masking filter with the select-
ed optimal sharpening strength coefficient as a pre-filter step at the watermark detection stage after
distortion by Non-Local Means denoising improves the true positive detection rate for the same false
positive rate. The plot for a = 3 is zoomed in, since the true positive detection rate is high and the dif-
ference between the curves is not visible over the full [0, 1] range. The curve corresponding to pre-fil-
tering (orange dashed line) is located above the curve corresponding detection without pre-filtering

>

5 A complete, cross-platform solution to record, convert and stream audio and video. [online] Available: http:/ffmpeg.org (Accessed 01.11.2025)
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Percentage of true positive and count of false positive detections

Table 2

for watermark detection under distortions with and without unsharp masking pre-filtering

Embedding

Unsharp masking

Filter coefficient o pre-filter True positive (%) False positive
no 22.52 6
0.5
yes 25.42 8
| no 93.11 18
Blurring yes 92.53 18
no 99.99 8
3
yes 99.98 8
no 9.25 13
0.5
yes 47.0 10
Denoising with 1 s o7.13 =
Non-Local Means yes 87.22 27
no 99.07 15
3
yes 99.69 11
no 27.51 6
0.5
yes 96.81 7
1 no 95.20 30
Pixelization yes 99.97 20
no 100 9
3
yes 100 9
no 0.93 12
0.5
yes 1.00 5
| no 23.93 21
JPEG transcoding yes 25.90 23
no 93.26 9
3
yes 92.84 8
no 96.20 11
0.5
yes 99.24 5
| no 99.82 21
Contrasting yes 99.97 17
no 99.99 10
3
yes 100 8
no 99.61 6
0.5
yes 79.90
no 100 24
Noising I
yes 99.99 22
no 100 11
3
yes 100 12

53




KoMnbloTepHble CeTH, BbIYNCUTENbHBIE, TENIEKOMMYHUKALMOHHbIE,
ynpasnsaowmne n UsMepuTebHble CUCTEMbI

a=3 (zoomed in)

o
=1
=1

=
o
o
-
=]
o

e
~
w

;
0.995 (

0.990 1

e
]
I

True positive probability

True positive probability
o
i
o

True positive probability
o
i
o

0.25 —— No pre-filtering 0.25 4 —— Mo pre-filtering 0,985 4 —— No pre-filtering
-= Pre-filtered -= Pre-filtered -= Pre-filtered
0.00 0.00 0.980
0.0 0.5 10 0.0 0.5 10 0.000 0.005 0010 0015 0.020
False pesitive probability False pesitive probability False positive probability

Fig. 2. ROC curves for detection with and without unsharp masking pre-filtering
after Non-Local Means denoising

(blue solid line). This indicates that the use of unsharp masking as a pre-filtering step with optimal
sharpening strength coefficient increases the watermark detection accuracy without introducing false
positives in these cases.

An important observation is that pre-filtering does not introduce false positive detections. This
suggests that a combined detection scheme that uses detection on both pre-filtered and non-filtered
images can improve robustness across a wide range of distortions. When the detection modules with
and without pre-filtering are considered as classifiers, the combined detection scheme can be imple-
mented using classifier fusion [22]. An evaluation of such combined detection schemes is beyond the
scope of the current paper.

Conclusion

This paper investigated the use of unsharp masking as a pre-filtering step during watermark de-
tection in a DCT-domain correlation-based image watermarking algorithm [10]. A computational
method was proposed for selecting the optimal sharpening strength coefficient by maximizing the
recall metric of watermark detection on a set of images. The results of a computational experiment
show that the recall metric increases with sharpening strength coefficient up to an optimal sharpening
strength coefficient, beyond which unsharp masking degrades the accuracy of watermark detection.
The optimal sharpening strength coefficient depends on the embedding coefficient a.

Evaluation of the sharpening strength coefficient selected by the proposed method for DCT-do-
main watermark embedding and detection algorithm confirmed that pre-filtering with the optimal
sharpening strength improves the true positive detection rate across most of tested distortions without
increasing the false positive rate. However, for some distortions (JPEG transcoding at high embedding
coefficient o, noise at low embedding coefficient o), the detection rate decreases after pre-filtering.

ROC curve analysis of the data collected during optimal sharpening strength coefficient evalua-
tion confirmed that sharpening pre-filtering enhances detection performance by increasing the true
positive rate for the same false positive rate for most of tested distortions. These results demonstrate
that unsharp masking on selected using the proposed method optimal sharpening strength coefficient
improves the robustness of watermark detection when applied as pre-filtering step before watermark
detection for DCT-domain watermark embedding and detection algorithm.

Since pre-filtering by unsharp masking on optimal sharpening strength coefficient does not in-
troduce false positives detections, a combined detection scheme using both filtered and non-filtered
images can be used to improve detection robustness across a wider range of distortions.
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Abstract. The work considers an analysis of nonlinear distortions in a class G power amplifier
and an analysis of an envelope tracking power amplifier with a proposed combined envelope
amplifier scheme for LTE cellular base stations. Both considered envelope amplifier schemes
feature an additional shaping function to compensate for the AM-AM conversion of the power
amplifier, as well as DPD correction for the AM-PM conversion of the amplifier. The analysis
results showed that switching between 18 supply voltage levels in the class G power amplifier
allows achieving an ACPR characteristic of the output LTE signal at an acceptable level of
—50 dBc. Simulation has proved that a standard predistortion technique based on LUT or a
Volterra series can be applied to a class G power amplifier at N = 18. The number of supply
voltage levels can be reduced to N = 10 using the proposed combined scheme or by applying
additional voltage supply filtration of the envelope amplifier.

Keywords: class G power amplifier, nonlinear distortions, drain efficiency, DPD, L'TE

Citation: Leontiev E.V. Analyses of a class G power amplifier with controlled nonlinear distortion
for LTE-signal. Computing, Telecommunications and Control, 2026, Vol. 19, No. 1, Pp. 57—64.
DOI: 10.18721/JCSTCS.19106

© Leontiev E.V., 2026. Published by Peter the Great St. Petersburg Polytechnic University


https://orcid.org/0000-0002-1477-3181

4 MogennpoBaHue BbIYUCIIUTENbHbBIX, TENEKOMMYHUKALMOHHBIX W YNPaB/SIOWMX CUCTEM

>
I
Hay4dHas cTaTbs @ oIS
DOI: https://doi.org/10.18721/]JCSTCS.19106 o

YK 621.375.026

AHAJIU3 YCUJIUTENIA MOLWHOCTU KJIACCA G
C KOHTPOJIUPYEMbIM YPOBHEM HEJIMHEUHbIX
MCKAXXEHUM ONA LTE-CUTHANIA

E.B. J/leoHmve6 =

CaHkT-NeTepbyprcknii nonnTeEXHUYECKMA yHUBepcuTeT MNeTpa Benunkoro,
CaHkT-NeTepbypr, Poccuitickaa Pepepauma

= evgeniyleo888@miail.ru

AnHoramusi. B paboTe mokazaH aHaqiu3 HEJIMHEWHBIX UCKAaXEHUU YCUTUTENsT MOUIHOCTHU
kiacca G M yCUJIUTENsI MOIIIHOCTU C HEINPEepbIBHBIM OTCJEXMBaHUEM Orubarolieil Ha OCHOBE
MpeITOXEHHO KOMOMHUPOBAHHOW CXeMbl YCUJIMTENST Oruodarolieit Ajisi 0a30BbIX CTaHIIUIA CO-
TOBOI cBsA3U ctaHaapTa LTE. O6e paccMOTpeHHbIE CXEMbI YCUIUTEE orudarolieit UMetoT 10-
MOJIHUTEJIbHYIO (hOPMUPYIOLIYI0 PYHKIUIO 1S KoMIieHcauu AM-AM KOHBepCUU YCUITUTEIS
MoutHocTH, a Takke DPD koppekunio AM-®M koHuBepcum ycunutens. Pe3yabraTel aHaim3a
MOKa3ajau, 4TOo KOMMYTAlUsl MeX1y 18 ypoBHSIMU HAIpsDKEHUs MUTAHUSI B YCUJIMTENE MOII-
Hoctu kjacca G mosBossieTcss moayduTh xapakrtepuctuky ACPR BeixogHoro LTE-curnana
Ha momyctuMmoM ypoBHe —50 nbH. MonennpoBaHrueM 10Ka3aHO, YTO K YCUJIUTETI0 MOUIHOCTHU
kinacca G BO3MOXHO MPUMEHUTh CTAHAAPTHYIO METOAMKY mpenbicKaxeHuidi Ha ocHoBe LUT
wu psanoB Bonwsreppa mpu N = 18. KonnuectBo ypoBHE BO3MOXHO YMEHbBIIUTD, UCTIONB3YS
MPEUIOKEHHYI0O KOMOMHUPOBAHHYIO CXEMY YCUIIUTENsT orubatoieit 1o 10 wim mpuMeHUThb 10-
MOJHUTENbHYIO (PUIBTPALIMIO BEIXOMHOTO CUTHAIA YCUTUTENST OTM0OaoIei.

KiioueBble ciioBa: ycuiuTe b MOIIHOCTU Kiacca G, HeanHeliHble uckaxeHus, KITI, DPD, LTE

Jlna murupoBanus: Leontiev E.V. Analyses of a class G power amplifier with controlled nonlinear
distortion for LTE-signal // Computing, Telecom-munications and Control. 2026. T. 19, No 1.
C. 57—64. DOI: 10.18721/JCSTCS.19106

Introduction

The widespread use of orthogonal frequency-division multiplexing (OFDM) signals with a high
peak-to-average power ratio (PAPR) requires an improvement in radio frequency power amplifier
(RFPA) schemes. Designing 4G base stations using OFDM technology requires high-efficiency LTE
signal transmission. An envelope tracking power amplifier (ETPA) is a relevant solution to this problem
in multiband applications.

An ETPA includes an envelope amplifier (EA) module (Fig. 1). The EA input (Uin o) Teceives
an envelope detector signal with a maximum voltage 3.3 or 5 V. The EA output (UOut ony) Provides
a variable supply voltage with a maximum value (e.g., 28 V) and the current required by the RFPA.
Therefore, EA efficiency determines overall efficiency of the ETPA in many applications. Numerous
studies [1—4] are devoted to improvements in the EA efficiency. An ETPA has maximum efficiency
when the RFPA has a continuous supply voltage variation, as show in Fig. 3, a. Today, hybrid envelope
amplifier (HEA) schemes, combining the pulse and linear parts (Fig. 2), are widely used. However,
due to the presence of inductance (Lth) and other reactive elements, HEA efficiency is limited to
75—85% [4—7]. There are various modifications of HEA schemes [4], that can solve this problem, but
improving HEA efficiency remains a relevant challenge.

There are EA schemes based on pulse-width modulated DC-DC power converters with an effi-
ciency of over 90%. In such schemes, the high clock frequency of the pulse-width modulator makes
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it difficult to use these EA for signals with a bandwidth of over several tens of MHz. It is possible to
reduce the clock frequency of this EA scheme by moving from continuous supply voltage variation
(Fig. 2, a) towards discrete supply voltage switching (Fig. 2, b). An RFPA with discrete supply voltage
switching is called a class G RFPA [8—11]. The disadvantage of class G RFPA is that the gain vs input
power dependence has points of discontinuity. The presence of these points necessitates the use of
non-standard digital pre-distortion (DPD) techniques.

Also, discrete supply voltage switching can be used to improve HEA efficiency. A supply voltage
waveform for this scheme is shown in Fig. 2, c. The proposed scheme is called the combined envelope
amplifier (CEA) and have better efficiency than HEA. An EA efficiency in a class G RFPA is 97%
[11], and the HEA efficiency is only 60%. If the CEA switches the supply voltage discretely with a
probability of 7/8 and continuously tracks the envelope with a probability of 1/8 using the HEA, then
the total efficiency of such a CEA will be equal to 7/8:97% + 1/8:60% = 92.4%. With a probability of
15/16, the total CEA efficiency is 94.7%, which is only 2.3% lower than the class G RFPA efficiency.
Therefore, the use of discrete supply voltages switching in the HEA can increase efficiency from 60%
to 94.7%. This purpose of this study is to analyze the CEA and the class G EA to determine the opti-
mal parameters for achieving minimal distortion of an LTE signal.

Analysis and synthesis of the EA for the class G RFPA or CEA involves finding the number of
discrete supply voltages and their value, as well as the levels of Uin env at which the discrete supply
voltages will switch. For example, the EA development for the class G RFPA in [11] showed that five
discrete supply voltages are enough for achieving maximum efficiency. However, the analysis and
synthesis of the EA for the class G RFPA can be considered in terms of nonlinear distortions rather
that the efficiency of the class G RFPA and CEA. Adjacent channel power ratio (ACPR) is a useful
RFPA characteristic showing the impact of nonlinear distortion on output signal. In this work, ACPR
characteristic is used as a nonlinear RFPA distortion indicator. According to the 3GPP standard, the
permissible ACPR level for an LTE signal should not exceed —50 dBc.
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Thus, the article presents an analysis of two schemes: the EA for the class G RFPA and CEA.
The schemes were analyzed using an LTE signal with a bandwidth of 20 MHz in the E-TM 3.1 test
configuration. The work uses a nonlinear model of the main RFPA operating in the 700—1000 MHz
frequency range, with a saturated power of 44.5 dBm at 28 V supply voltage; its measurement results
are given in [10]. The analysis results show how the nonlinear distortions of the output LTE signal
(reflected in ACPR) change under different configurations of these EA schemes.

Results

ACPR is influenced by several factors, such as AM-AM and AM-PM conversions, inertial effects
of passive components etc. AM-AM and AM-PM conversions play a key role in increasing the non-
linear distortion level. It is possible to correct AM-AM conversion in an ETPA by using the shaping
function module [12]. The shaping function compares U_ with U, . The gain coefficient B
(Fig. 2) of an operational amplifier can be used as the shaping function in the HEA. Let us consider
the operation principles of the shaping function using the ETPA model in CAD VSS and Microwave
Office as an example (Fig. 4).

Fig. 4 shows the gain vs input power function at different supply voltages (dotted lines) for the
nonlinear RFPA model. An increase in supply voltage leads to an increase in gain, resulting in AM-
AM conversion in the ETPA. The shaping function should change supply voltage in such a way that
the gain compression compensates for this gain increase. The gain vs input power function for the
ETPA with the shaping function is shown in Fig. 4 (solid line). However, the shaping function cannot
correct AM-PM conversion in the ETPA (Fig. 5). The standard DPD technic, using a look-up table
(LUT) or Volterra series, can correct AM-PM conversion. Fig. 6 shows the power spectral density
(PSD) of output signal with and without DPD (Fig. 6), which corrects only the AM-PM conversion
in the ETPA with the shaping function. The use of DPD has improved ACPR by 13 dB from —42 dBc
to —55 dBc. For cellular base stations, according to the 3GPP specification, the allowed ACPR level is
—50 dBc. The shaping function for the class G RFPA defines a strict relationship between the supply
voltage and the reference voltages of the comparators, which determines the moment of supply voltage
switching, according to Uin v Furthermore, this article assumes that at a certain supply voltage, the
comparator reference voltage level will be calculated automatically, according to the shaping function.
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The class G RFPA model switches the nonlinear models of the main RFPA in CAD VSS. Each non-
linear model has a certain supply voltage from 6.5 V to 28 V, as shown in [10, 11]. Initially, the number
of the nonlinear models is 55, the step between supply voltage is from 0.125 to 1 V, depending on the
probability density function of LTE signal, which allowed to obtain ACPR of the output signal of
—55 dBc. Each nonlinear model is analyzed using the APLAC harmonic balance method, which is
more suitable for extremely nonlinear circuits analysis. Furthermore, the class G RFPA is analyzed
with a different number of supply voltage levels (N) from 55 to 10. Using CAD LabVIEW [13], op-
timal supply voltage levels at which ACPR is minimal have been determined. The CEA analysis is
similar to the class G RFPA analysis, with N reduced within the range of 6.5—12.2 V. The remaining
maximum number of levels is between 12.2 and 28 V, simulating HEA.

The saturation power of the class G RFPA is 44.5 dBm; therefore, the minimum ACPR is achieved
at an average power of 32.8 dBm when the output power is below saturation power by the PAPR value
(11.7 dB for the LTE signal). In Fig. 7, ACPR degrade at powers below 33 dBm due to the nonlinear
behavior of the main RFPA at a power supply voltage of 6.5V, since it operates in class AB and has an
individual type of AM-AM and AM-PM conversions, which are not taken into account by the shaping
function and DPD. At N = 18, the ACPR of the output signal is equal to the acceptable value of —50 dBc.

The findings do not prove that the EA output voltage (U ) can be improved by RFPA supply

out env

voltage filtration [14, 15]. Of course, if a low-pass filter with a cutoff frequency equal to the signal
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bandwidth is applied, it is possible to achieve an optimal /N less than 18. However, the use of filtering
leads to the dependence of ACPR on signal bandwidth. Therefore, N = 18 is the optimal value for
multiband applications where signal bandwidth varies.

Conclusion

This analysis has shown that the class G RFPA with the shaping function and a standard DPD
based on LUT can provide an ACPR of —50 dBc at N = 18. The standard DPD technique, based on
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a LUT or Volterra series, can be applied to the class G RFPA without the shaping function. In this
case, the number of supply voltage levels required to achieve an ACPR of —50 dBc will be different.
Moreover, the use of an additional filter can improve linearity for a fixed signal bandwidth. The pre-
vious work showed that five supply voltage levels are sufficient to achieve maximum efficiency in the
class G RFPA. These five levels must be formed using highly efficient DC-DC pulse converters so that
the total system efficiency remains at a high level. Therefore, it is enough to develop an 18-level class
G RFPA with five DC-DC pulse converters, and to form the remaining 13 supply voltage levels using
linear voltage converters. Also, the class G RFPA analysis showed that 10 of 18 supply voltage levels
are in the voltage range from 6.5 to 12.2 V. An ETPA with the CEA can provide an ACPR of —50 dBc
at N = 10. Therefore, CEA design is a challenging task, as it helps reduce the number of supply voltage
levels by almost half.

Nomenclature

* OFDM - Orthogonal Frequency-Division Multiplexing;

* PAPR — Peak-to-Average Power Ratio;

* ETPA — Envelope Tracking Power Amplifier;

 EA — Envelope Amplifier;

+ HEA — Hybrid Envelope Amplifier;

 DPD — Digital Pre-Distortion;

* CEA — Combined Envelope Amplifier;

+ ACPR — Adjacent Channel Power Ratio;

* LUT — Look-Up Table;

* PSD — Power Spectral Density.
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Abstract. The paper proposes a Lyapunov-based dynamic scheduling algorithm for heteroge-
neous computing clusters, targeting fine-grained resource control under bursty and latency-
sensitive workloads. By constructing a quadratic Lyapunov function and applying a drift-plus-
penalty framework, the scheduling problem is formulated as a two-criteria optimization problem
balancing queue stability and scheduling delay. A dynamic control parameter V is introduced to
quantitatively regulate the trade-off between backlog stability and delay minimization. Sensitivity
analysis demonstrates an O(1/V) backlog and O(V) delay trade-off. Experiments conducted on
the Alibaba GPU cluster trace dataset show that under burst-dominant workloads, the proposed
method reduces average scheduling delay to 0.2663 seconds, while achieving a 0.5459 resource
utilization and a 0.6489 fairness index. The method is particularly suitable for latency-sensitive
and dynamically fluctuating environments.
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Annoramus. B cTaThe paccMaTpuBaeTCs aIropuTM IMHAMMYECKOTO TNIAHMPOBAHUS Ha OC-
HoBe (GyHKIMM JInmyHOBa JJIs1 T€TEPOreHHBIX BBIYMCIAUTEIbHBIX KJIACTEPOB, OPUEHTUPOBaH-
HBII HA TOYHOE YIIpaBJeHUEe pecypcaMu MPU UMITYJbCHBIX U UYBCTBUTEIbHBIX K 3aJepXKKam
pabouux Harpyskax. IlyreM mocTpoeHus KBaapaTUuHO (pyHKIMUU JIsimyHOBa W MpPUMEHEHUs
nonxona drift-plus-penalty 3amada TIaHUpPOBaHMST (OPMYIUPYETCS KakK 3agadya IBYXKPUTEPHU-
aJbHON ONITMMM3AIIAM [JII CTAOMJIBHOCTH O4Yepear M 3alepKKM TUTaHUpOBaHUs. BBoguTcs ma-
paMeTp IMHAMMYECKOIO YIpaBJeHUS V UISI KOJMYECTBEHHOTO PEryardpoBaHUsS KOMIIPOMHUCCA
MEXIy CTaOMJIBHOCTBIO OYepear U MUHUMU3AIMEN 3anepXKU. AHaIU3 YyBCTBUTEJIbHOCTU Ne-
MoHcTpupyeT Kommpomuce Mexay O(1/V) ouepenu nu O(V) 3amepkku. DKCIIEPUMEHTHI, TTPO-
BeeHHbIe Ha Habope maHHBIX TpaccupoBkuM kKiactepa GPU Alibaba, moka3biBaioT, 4TO MpU
UMITYJIbCHBIX pab0O4YMX Harpy3Kax IMPpeaIoXeHHBI METO CHIKAeT CPEIHIO0 3alIepKKY TIJIaH!-
poBanus 10 0,2663 cek, rpu 3TOM JocThras KoadduimeHTa ucnoiab3oBanus pecypcos 0,5459
U uHaeKkca crapaBemiuBocTu 0,6489. JlaHHBIA MeTOI OCOOEHHO XOPOIIO MOAXOMUT ISl YyB-
CTBUTEJIbHBIX K 3a7epKKaM U AMHAMUYECKU U3MEHSIOIIMXCS PaOOUYMX OKPYXKEHUH.

KmoueBbie cioBa: onrumusanns JIsmyHoBa, drift-plus-penalty, maHmpoBaHMEe pecypcoB, 00Iad-
HBIC BBIYMCIICHUS, IBYXKPUTepHUATbHASI OIITUMU3ALIIST

Jna nutupoBanus: Wang Shan, Nikiforov I.V. A Lyapunov-based dynamic scheduling algorithm
for heterogeneous computing clusters // Computing, Telecommunications and Control. 2026.
T. 19, Ne 1. C. 65—79. DOI: 10.18721/JCSTCS.19107

Introduction

With the rapid development of cloud computing, big data analytics and Al technologies, comput-
ing clusters have become the core infrastructure supporting high-performance computing (HPC),
large-scale data processing and distributed services. The efficiency of resource scheduling in cluster
systems directly affects system throughput, resource utilization and quality of service (QoS). In het-
erogeneous computing environments, where multiple types of resources, such as CPUs, GPUs and
memory, coexist, dynamic workload characteristics introduce additional challenges for efficient re-
source management. Traditional workload analysis methods, which rely primarily on static threshold
monitoring or periodic sampling strategies, often fail to capture bursty workloads and complex task
dependencies, resulting in inefficient resource allocation and increased response latency [1].

Cluster workloads typically exhibit strong spatiotemporal heterogeneity. From a temporal perspec-
tive, bursty workloads frequently interleave with periodic workloads, causing significant fluctuations
in system load [2]. From a spatial perspective, resource contention among heterogeneous nodes and
complex task dependencies further increases the unpredictability of workload distribution across the
cluster [3]. In addition, many traditional scheduling approaches are unable to fully consider fac-
tors, such as resource preemption, data locality and communication overhead in distributed systems,
which may lead to resource fragmentation and performance degradation under heavy workloads [4].
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To address these challenges, dynamic resource scheduling strategies have been widely investigat-
ed. Among them, the Lyapunov optimization framework provides an effective theoretical tool for
stochastic system control by transforming system stability problems into queue control problems [5].
This approach has been successfully applied in network resource allocation and edge computing sys-
tems, enabling dynamic decision-making based on system state observations [6—8]. However, ex-
tending Lyapunov-based scheduling mechanisms to fine-grained resource allocation in large-scale
heterogeneous clusters remains challenging, particularly when dealing with dynamic workloads and
cross-domain resource orchestration in edge—cloud collaborative environments [9, 10].

Previous studies have explored resource scheduling and workload management in large-scale dis-
tributed systems. For example, cluster management platforms, such as Borg and Kubernetes, pro-
vide practical solutions for large-scale resource orchestration in cloud infrastructures [11—13]. In
addition, the dominant resource fairness (DRF) model has been proposed as a widely adopted fair-
ness-oriented scheduling mechanism for multi-resource environments [14]. Recent research has also
focused on scheduling optimization for GPU-intensive workloads and deep learning clusters, where
efficient resource sharing and dynamic resource allocation are critical for improving system through
put [15—17]. Moreover, edge computing and mobile edge computing systems have received increasing
attention, highlighting the importance of scalable scheduling algorithms capable of adapting to highly
dynamic distributed environments [18—20].

Despite these advances, many existing approaches either focus primarily on fairness-oriented al-
location strategies or rely on static scheduling policies that are not well suited for highly dynamic
workloads. In particular, maintaining system stability while simultaneously minimizing scheduling
delay remains a challenging problem in heterogeneous cluster environments.

To address this issue, this paper proposes a Lyapunov-based dynamic scheduling framework
for heterogeneous computing clusters. By constructing a Lyapunov function and introducing a drift-
plus-penalty control mechanism, the scheduling problem is formulated as a multi-objective optimiza-
tion task that balances queue stability and scheduling delay. The main contributions of this work are as
follows:

* Theoretical extension. The classical Lyapunov optimization framework is extended from coarse-
grained scheduling to fine-grained resource allocation in heterogeneous cluster environments.

» Algorithm design. A dynamic scheduling algorithm integrating instantaneous scheduling, joint
iterative optimization, and feedback control mechanisms is proposed to adaptively allocate resources
according to system states.

» Experimental evaluation. Extensive experiments based on the Alibaba GPU cluster trace dataset
demonstrate that the proposed method significantly reduces scheduling delay while maintaining com-
petitive resource utilization and fairness.

Materials and methods

Task backlog queue model

The key symbols and descriptions used in this section are described in Table 1.

Therefore, the CPU scheduling process of a computer cluster can be modeled as the following
dynamic system:

O(t+1)=max {Q(t)+a(t)-b(t),0}.
Lyapunov optimization framework

Lyapunov optimization has been widely applied in stochastic network control and resource alloca-
tion problems due to its ability to balance system stability and performance objectives [5, §].
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_a
I
Table 1
Symbols used
Symbol Description
[0[0)) Task waiting queue, which indicates the number of tasks waiting to be processed at time ¢
N Total number of CPU cores
R Number of tasks that can be assigned to each CPU core at time ¢, where n =123...N
a, Task arrival rate, which is the number of tasks added at each time step
N
b, b(t)=Y R, (), which is the number of tasks completed at each time step
n=1

Lyapunov function construction
The function L(#) used to reflect the “unstable state” of the system is constructed, and the follo-
wing quadratic function is often used:

L(t):%Q(t)z.

This function quantifies the square of the queue backlog. The larger L(?) is, the larger the system
error is and the more unstable the system is; the smaller L(?) is, the more stable the system is.

Single-step drift analysis

Single-step drift analysis is a commonly used method to determine the stability of a system. Its core
idea is to analyze whether the Lyapunov function of the system tends to decrease in each step, so as to
determine whether the system tends to be stable. According to the Lyapunov function L(f) obtained in
the previous section, the single-step drift definition can be obtained as follows:

AL(t)=E[L(t+1)-L(t)|0() |-

That is, the “next step change” of the Lyapunov function under conditional expectation, which
represents the average change trend of the function within a time step. Given that the queue dynamic
equation is Q(f + 1) = Q(¢) + a(t) — b(?), it follows that:

1
L(t+1)-L(t)= E(Q(Hl)z ~0(1)’).
Substituting the expression for Q(¢ + 1) into the above equation and expanding it, we obtain:

O(1+1) =(Q(1)+a(r)=b())) =0(1) +20(r)(a(t)=b(r)) +(a()=(s)) -

Therefore, we can deduce that:

L(t+1)=L(1)=0(t)(a(t)~b(1))+>(a(0) =5 (1))

Taking the conditional expectation of the above result, we obtain:
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1

8= | 0(0)(al0)0(0))+ 3 £ (al0) (1)}

Q(t)}.

Separating the linear and quadratic terms, we get:

A(0)=0(1) E[a(0)-b(1)]0 (1) +5 [ (a(1) (1))
Expanding the quadratic term, we find:

(a(6)=b(2)) =a(e) +b(c)’ ~2a(t)b(t).

Assuming that the covariance between task arrivals and processing is bounded, and that a(#) and
b(t) are independent or weakly correlated, the cross term E [a(t)b(t)|Q (t)] can be neglected or
absorbed into a constant term. Hence:

Q(t)}.

E (a(t)—b(t))z‘Q(t)]sE[a(t)z +b()

o(r)]
Assuming that the variances of a(f) and b(f) are bounded, i.e., there exists a constant B such that
%E[a(t)z +b(1)]o(n)]<B.
At this point, the drift _inequality simplifies to:
A(t)<B+Q(t)E|a(t)-b(t)0(r) |

After adjusting the signs, we arrive at the final form:

A(t)<B-Q(t)E[b(t)-a(1)Q(1) ]

Drift-plus-penalty optimization

The drift-plus-penalty method integrates Lyapunov optimization theory, aiming to balance system
stability by controlling the queue length through the drift term and to optimize system performance
by minimizing costs or losses through the penalty term. We define the initial objective function as:

min (A(t) +V- Penally),

where the drift term 8(#) reflects the expected change in the queue Q(#), which needs to be suppressed
to maintain stability. The penalty term represents the time loss incurred during the task scheduling
process, given by TimeLoss = b onoduied — Loreation” The weight parameter V is responsible for balancing
system stability and performance; as the queue length Q(¢) increases, V decreases to prioritize reduc-
ing queue congestion, and as the queue length decreases, V increases to prioritize reducing time loss.

By substituting the drift term, we obtain the new objective function:

min(B-0(¢)-E[b(r)-a(t)|0(r) |+ -TimeLoss).
By minimizing the objective function, the system can dynamically adjust the control strategy at

each time slot ¢ based on the current queue state (J(f). The parameter V flexibly adjusts the optimiza-
tion focus, and under the premise of bounded variance, ensures queue stability.
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Parameter selection and stability — performance trade-off

The control parameter J plays a central role in balancing queue stability and delay performance.
According to classical Lyapunov optimization theory, the following asymptotic bounds hold:

+ Average Queue Length = O(1/V);

« Average Delay Gap = O(V).

Thus, increasing V prioritizes delay minimization but allows larger backlog accumulation, while
decreasing V enhances queue stability at the cost of higher delay.

To quantitatively define the notion of “balance”, we introduce a normalized trade-off metric:

Balance(V') = a-%+(l—a)-¥.

max max

where Q (V) is the average queue length, E(V) is the average delay, 0 < a < 1 is the preference
weight.

The optimal V" is selected by minimizing Balance(V).

Sensitivity analysis empirically verifies the theoretical trade-off behavior.

Algorithm design

Cluster scheduling algorithms typically focus on different optimization goals, such as fairness, re-
source packing efficiency, and workload adaptability [10, 14]. The purpose of this program is to design
a dynamic resource allocation algorithm that adjusts the task processing rate R of resources to achieve
stability of the task backlog queue, thereby preventing the task queue Q(f) from growing indefinitely,

ie., lim,

1 71
? Z E I:Q(t):l < o0, and to minimize the time loss. The overall design philosophy of the
=0

algorithm is as follows.

Dynamic diversion and instantaneous scheduling to maximize the instantaneous task processing rate
and reduce queue congestion. Resource threshold judgment: for each newly arrived task, first check
whether its resource requirement (cpu milli) is less than or equal to the current available resources R.
If the condition is met: directly add it to the execution queue and execute it as scheduled. If the con-
dition is not met: trigger a joint optimization process to iteratively adjust the task’s scheduling time
and resource allocation limits to minimize time loss.

Joint iterative optimization to balance system stability and time loss. When resources are insufficient,
fix one variable to optimize another, approaching the optimal solution through alternating iterations.

Optimize scheduling time. Assuming the task execution time follows an exponential distribution,
calculate the expected scheduling time and time loss based on a statistical model:

_ Current total task volume
V x Core efficiency C

E (real _scheduled time) = creation _time + 1 In (Mj

C reqg—R

Optimize resource allocation. Reallocate the resource upper limits based on the scheduling time
loss to ensure that resource requirements do not exceed dynamically adjusted limits:

( ) B Remaining volume
Core efficiency C x (scheduled __time —creation _ time) ’
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C_reqzmin(K(t), C_req).

These two steps are iterated until the difference in time loss or resource allocation is less than or
equal to a threshold of 0.01.

Priority queues and feedback control. Tasks that can be executed immediately are directly placed
into the queue to participate in scheduling. Tasks that cannot be executed immediately are arranged
in descending order of TimeLoss and enter the queue 7TimelLoss to ensure that tasks with high delay
risk are prioritized for resource allocation. Additionally, two separate threads are opened to handle
periodic resource monitoring and release. Every A(tl), the available resources R are checked; if the
resources are sufficient to meet the requirements of the next task, the task waiting in line is dequeued
and sent to the queue for execution. Every A(tz), the execution queue is checked for completed tasks
and their occupied resources are released, dynamically adjusting the control parameter V-

0 max
o(t)+1

By feedback regulation of V/, a balance is achieved between queue length and optimization weight.
The flowcharts corresponding to the above processes are as follows:

V(t)=V(t-1)x

Algorithm 1: Main Task Scheduling Process

Input: Task set tasks, total CPU resource R Output: Scheduling result
1 Initialize global variables;

2 Start daemon threads:

3 Thread 1: resource checker

4 Thread 2: task releaser;

5 while main loop is running do

6 Traverse each task in tasks;

7 for each task in tasks do

8 if current time > task’s release time then

9 calculate task priority: calculate task priority(task);

10 if task’s CPU demand < remaining CPU resource R then
11 Add task to task queue;

12 Update R: R < R — task.cpu requirement;

13 Output result;

Experimental results

Previous studies have investigated scheduling performance in distributed many-task computing
systems and workflow execution platforms, providing valuable insights into experimental evaluation
of scheduling algorithms [21, 22].

Experiment environment

The proposed algorithm was implemented in Python 3.10 using NumPy, Pandas and multiproces-
sing for concurrent queue simulation.

The offline simulation environment was deployed on hardware with CPU Intel Xeon Gold 6230,
128GB RAM, Ubuntu 22.04. Dataset was comprised of 80000 tasks extracted from Alibaba cluster-
trace-gpu-v2023. Similar workload traces and cluster usage datasets have been widely used in previous
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Algorithm 2: Resource Checker Thread

Input: CPU resource R, task queue TimeLoss queue, time step timestep

Output: Updated task queue task queue
1 while true do

2 Sleep(timestep);

3 if main loop task ends then

4 break;

5 Check TimeLoss queue for tasks;

6 for each task in TimeLoss queue do

7 if R > task.cpu requirement then

8 Move task to task queue;

9 R « R —task.cpu requirement;

Algorithm 3: Task Releaser Thread
Input: Task queue task queue, time step timestep2

Output: Tasks marked for deletion

1 while true do

2 Sleep(timestep2);

3 if main loop task ends then

4 break;

5 for each task in task queue do

6 Compute u =V - Q/(queue length);
7 if current time > deletion time then
8 Mark task as True for deletion;

experimental studies on distributed scheduling systems and workload analysis [12]. Task traces were
preprocessed to extract arrival time, CPU requirement, GPU requirement, memory footprint, exe-
cution duration.

Scheduling simulation was event-driven. Resource allocation, queue update and parameter adjust-
ment were performed per time slot.

All experiments were repeated ten times with different random seeds to ensure stability of results.

The implementation source code related to this study has been made publicly available on GitHub!
to ensure transparency and reproducibility of the experimental results. The repository includes the
core scheduling algorithm implementation, dataset preprocessing scripts and visualization programs
used to generate the experimental figures reported in this paper.

Evaluation indicators

Average task scheduling delay

The average time interval from task submission to start of execution was calculated as:

n

lZ(Ez _Si)’

n i=1

! GitHub — shan5972/nonlinear - GitHub [online] Available: https://github.com/shan5972/nonlinear/tree/main (Accessed 13.03.2026).
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where 7 is the number of tasks, Sl, is the time of sending task i, El. is the time of starting execution of
task 7.

CPU utilization

The share of effective CPU working time in the total time was calculated as:

Zm ];Jusy,j
5 ]—;otal
—— % 2 x100%,
m

where m is the number of cores, T oral
Resource fragmentation rate
A measure of the extent to which CPU time blocks are split into discontinuous blocks was calcula-
ted as:

is the total monitoring time, T busy is the CPU busy time.

1_ Tseq

T free

b

where Tseq is the consecutive free idle time blocks, Y}.ree is the total idle time blocks.

Jain’s fairness index

Jain’s fairness index is used to measure the fairness of resource allocation. The value range is [1/n,
1], where 1 represents complete fairness. The calculation formula is

(Zx)

DY

where x, represents the number of resources obtained by each task i.

FElasticity coefficient

The elasticity coefficient indicates the speed and efficiency of the algorithm to adjust resource al-
location when resource demand increases or decreases suddenly. The calculation formula is:

1
o, *T +o, *AU + o, *R,’

where T' s the average scheduling delay of all Pods during the burst phase, AU is the sum of the abso-
lute value changes in utilization, R , 1s the ratio of the delay during the burst phase to the delay during
the normal phase, ® is the parameter weight.

Experimental results analysis

Dynamic resource schedulers have also been proposed for deep learning clusters, where efficient
GPU utilization and adaptive resource management are critical for large-scale training workloads [23].

This section analyzes the scheduling algorithm delay distribution diagram and compares the delay
performance of four scheduling strategies (DRF, FilterScore, Priority preemption algorithm, and Lya-
punov) during task execution to evaluate their stability and efficiency in controlling task response delay.

Latency

The delay values of the Lyapunov method are all concentrated at an extremely low level (< 0.5),
and there is no obvious growth trend as the number of samples increases, showing extremely strong
stability and scalability. This shows that the strategy can effectively adapt to changes in task flow load
and prioritize resource allocation to maintain low system delay, which is suitable for systems with high
requirements for real-time and predictability (Fig. 1).
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Fig. 1. Delay distribution of four algorithms

The delay distribution of FilterScore shows a significant “step-like” growth trend, and the delay
of multiple consecutive samples gradually increases, up to 20, which is much higher than other strat-
egies. This performance reflects that it has serious scheduling imbalance problems when tasks are
intensive or resource competition is fierce. It may be because the scheduling scoring mechanism fails
to fully and dynamically adapt to the system state, causing some tasks to suffer from serious queuing
or starvation.

The delay distribution of DREF is relatively dispersed, with most task delays in the range of 0—10,
but there are also obvious delay spikes (over 15), indicating that there are large response delays in some
task scheduling stages. Overall, DRF can maintain reasonable performance under medium loads, but
its stability is slightly inferior to Lyapunov.

The priority preemption algorithm is almost invisible in the graph, probably because its color over-
laps heavily with FilterScore, or because of its small number of samples. If its performance is similar
to FilterScore, its stability also needs further verification. In order to obtain clearer evaluation results,
it is recommended to display the graph separately or adjust the identification method in subsequent
experiments.

Resource fragmentation rate

The DRF algorithm shows a significant concentrated distribution of fragmentation, with the frag-
mentation rate mainly concentrated in the range of 0.9—1.0, and only a small number of samples
have low fragmentation rates. This shows that while DRF achieves fairness in resource allocation,
it is prone to accumulation of resource fragmentation, especially in multi-user sharing scenarios.
Although it has theoretical advantages in ensuring fairness of dominant resources, it has a significant
disadvantage in terms of resource integration efficiency (Fig. 2).

The FilterScore algorithm shows a more dispersed fragmentation velocity distribution, main-
ly concentrated in the medium fragmentation range (0.2—0.8). Its typical violin plot has a bimodal
structure, reflecting the large differences in the performance of the algorithm in different scenarios.
This method relies on resource screening and scoring mechanisms, and has strong adaptability to task
resource patterns. It is suitable for systems with variable resource demand patterns but some regula-
rities.

The priority preemption algorithm performs particularly well, with its fragmentation rate extreme-
ly concentrated in the range of 0.1—0.3, and almost no high fragmentation value. This method has a
natural advantage in resource packaging and arrangement, and prioritizes tasks that are more friendly
to resource integration, thereby significantly reducing the fragmentation rate. This method is suitable
for scenarios with tight resources and strict requirements for fragmentation control, such as HPC and
large-scale cloud platforms.

The Lyapunov control algorithm shows high fragmentation rates in almost all samples, with dis-
tribution concentrated in the range of 0.9—1.0. Although this method has advantages in controlling
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Comparison of resource fragmentation rate distribution
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Fig. 2. Resource fragmentation rate of four algorithms

system state stability, its optimization goal does not include resource fragmentation control, so it
has obvious deficiencies in resource utilization efficiency. This method is more suitable for non-re-
source-sensitive systems such as delay control and queue stability, or as a basic control mechanism in
conjunction with other scheduling algorithms.

CPU utilization

The Lyapunov-based algorithm demonstrates exceptional resource consolidation efficiency. Its
utilization is highly concentrated within the 0.87—0.95 range (with an interquartile range span of
only 0.08), exhibiting a leptokurtic symmetric distribution devoid of outliers. This indicates that the
algorithm achieves near-optimal resource utilization while ensuring system stability through dynamic
optimization of system states. Its design characteristics make it particularly suitable for critical in-
frastructure sensitive to resource utilization, such as real-time computing clusters or edge computing
nodes (Fig. 3).

The priority preemption algorithm displays significant scenario dependence. Its utilization dis-
tribution manifests a right-skewed bimodal structure (primary peak at 0.75, secondary peak at 0.95),
accompanied by numerous high-end outliers (up to 1.0). This phenomenon stems from its task pri-
oritization mechanism: under normal loads, utilization is moderate (interquartile range 0.65—0.85),
but specific high-priority task combinations can trigger resource packing optimization, achieving in-
stantaneous high-efficiency utilization. This characteristic makes it suitable for systems with high task
heterogeneity and potential bursty critical loads (e.g., hybrid cloud environments), albeit with limited
overall reliability.

The DRF algorithm exhibits robust yet conservative characteristics. Utilization is primarily dis-
tributed within the 0.75—0.88 range (median 0.82), showing a mild left-skewed distribution. Its design
imposes strong fairness constraints on dominant resources, which, while mitigating the risk of re-
source monopolization, results in a distribution tail extending into inefficient regions of 0.4—0.6 (with
a few low-end outliers). This approach holds theoretical advantages in multi-tenant fair-sharing sce-
narios but suffers from insufficient consolidation efficiency in resource-constrained environments.

The FilterScore algorithm exhibits a distribution pattern similar to DRE, with utilization concen-
trated in the 0.77—0.89 range (median 0.83), but demonstrates a less pronounced left skew. Its iter-
ative score-based resource allocation mechanism achieves slightly better efficiency than DRF under
normal loads. However, it still carries a systemic risk of inefficiency (minimum utilization 0.5). This
algorithm can serve as an improved variant of DREF, suitable for general-purpose computing platforms
requiring a balance between fairness and baseline efficiency.
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Fig. 3. CPU utilization distribution of the four algorithms

Table 2
Performance comparison of scheduling algorithms
Index FilterScore DRF Priority Lyapunov
Elasticity coefficient 0.1782 0.2385 0.7013 0.6167
Average scheduling delay 17.5362 13.1076 1.4942 0.2663
Resource utilization 0.4647 0.4538 0.4463 0.5459
Jain’s fairness index 0.6579 0.6121 0.5882 0.6489
Resource fragmentation rate 0.3663 0.8189 0.1907 0.7726

Comprehensive evaluation

To comprehensively evaluate the overall performance of the four scheduling algorithms, we selec-
ted five key metrics:

1) resilience coefficient;

2) average scheduling latency;

3) resource utilization;

4) resource fragmentation rate;

5) Jain’s fairness index.

These metrics respectively reflect a system’s robustness against fluctuations, scheduling efficiency,
resource consolidation capability, resource allocation compactness, and fairness in multi-user envi-
ronments, as evident from Table 2.

The Lyapunov-based algorithm demonstrates superior performance in scheduling latency (merely
0.2663 seconds), significantly lower than the other algorithms, indicating exceptionally strong re-
sponsiveness. This makes it particularly suitable for latency-sensitive system environments. Concur-
rently, it achieves the highest resource utilization (0.5459) among all algorithms, signifying excellent
resource scheduling efficiency. Furthermore, its fairness index (0.6489) ranks second, demonstrating
its ability to reasonably balance the demands of different tasks during allocation. Although its resil-
ience coefficient (0.6167) is not the highest, it remains relatively high, indicating a degree of system
stability. However, its resource fragmentation rate (0.7726) is the highest among the four, potentially
resulting from frequent scheduling causing discontinuous resource allocation; nevertheless, this value
remains within acceptable limits.

The DRF algorithm exhibits moderate performance across most evaluation metrics. As shown in
Table 2, DRF achieves a fairness index of 0.6121, which reflects its design objective of maintaining
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fairness across multiple resource types by allocating resources according to dominant resource shares.
However, this strict fairness constraint also introduces certain efficiency trade-offs. The average
scheduling delay of DRF reaches 13.1076, significantly higher than that of the proposed Lyapunov
method. In addition, the resource fragmentation rate of 0.8189 indicates that DRF tends to produce
scattered resource allocations under dynamic workloads, which may reduce the efficiency of conti-
guous resource utilization.

The Priority preemption algorithm demonstrates strong adaptability to workload fluctuations,
achieving the highest elasticity coefficient (0.7013) among the compared methods. Its average sched-
uling delay (1.4942) is significantly lower than that of DRF and FilterScore, indicating relatively fast
task response. However, the fairness index (0.5882) is lower due to priority-based allocation, which
may lead to resource starvation for low-priority tasks. The low resource fragmentation rate (0.1907)
suggests that the algorithm can maintain relatively compact resource allocation.

The FilterScore algorithm shows moderate performance across most metrics. As shown in Table 2,
it achieves a fairness index of 0.6579, indicating relatively balanced resource allocation among tasks.
However, its average scheduling delay (17.5362) is the highest among the compared algorithms, sug-
gesting limited efficiency in latency-sensitive scenarios. In addition, its elasticity coefficient (0.1782)
is relatively low, indicating weaker adaptability to dynamic workload changes.

Based on the analysis across the five metrics, the performance characteristics of the scheduling
algorithms differ significantly. The Lyapunov-based scheduling algorithm demonstrates superior per-
formance in average scheduling latency, resource utilization, and fairness, achieving optimal or sub-
optimal results across most dimensions. It is, therefore, the most recommended solution for practical
high-concurrency, low-latency scenarios.

Generalization analysis

Although experiments were conducted on Alibaba GPU clusters, the proposed framework is not
GPU-specific. The algorithm relies solely on queue dynamics and resource availability constraints.

The theoretical formulation is independent of GPU type, Node scale, Hardware heterogeneity. To
validate generality, additional small-scale CPU-only simulations were conducted. Results demon-
strate consistent delay reduction trends under bursty arrival patterns. However, the method may not
be optimal in systems where resource fragmentation minimization is the primary objective.

Conclusion

This paper presents a Lyapunov-based dynamic scheduling framework tailored for fine-grained
resource allocation in heterogeneous computing clusters. By leveraging queue-based system modeling
and a drift-plus-penalty optimization approach, the proposed algorithm effectively maintains task
queue stability while minimizing task scheduling delays. The algorithm dynamically adjusts sched-
uling decisions based on real-time queue states and feedback-regulated optimization parameters,
achieving high responsiveness and adapt-ability. Experimental results demonstrate that the proposed
Lyapunov-based scheduling algorithm achieves substantial improvements in scheduling efficiency.
The average scheduling delay is reduced to 0.2663 seconds, which is approximately 49 times lower
than DRF and 66 times lower than FilterScore. Meanwhile, the algorithm achieves the highest re-
source utilization (0.5459) and maintains a competitive fairness index (0.6489). These results indicate
that the proposed approach effectively balances delay reduction, resource efficiency, and fairness in
heterogeneous cluster environments, although it introduces higher resource fragmentation due to
frequent dynamic scheduling decisions. These findings demonstrate the method’s strong potential for
deployment in latency-sensitive and real-time computing environments. Future work will focus on
integrating fragmentation-aware mechanisms and extending the approach to support decentralized
and cross-domain resource orchestration.
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Abstract. The paper addresses the problem of eliminating sparsity and “false orthogonality”
in short, weakly structured technical messages that hinder systematic analysis and modeling of
the risk topology of complex technical systems. A method of contextual regularization of the
feature space is proposed, which treats the enrichment of vector representations as a controlled
diffusion process on a graph of joint occurrence of lemmas. The context topology is specified
by a weighted adjacency matrix based on positive pointwise mutual information, and the
recursive diffuser performs iterative feature propagation with depth attenuation and adaptive
IDF gating, which suppresses noisy connections and amplifies diagnostically significant terms.
The regularization parameter tuning is formalized as a task of maximizing the target quality
functional, combining metrics of structural separability and semantic completeness with
a threshold penalty for separability degradation. A priori, the limited nature of the diffusion
process is demonstrated, and the elimination of orthogonality of terminologically heterogeneous
descriptions in the presence of a contextual “bridge” in the graph is proven. Experimental testing
on the NRC operational message corpus demonstrates a significant increase in the semantic
coherence of topics while maintaining the geometric separability of clusters. The resulting
regularized space improves the interpretability of the thematic structure of incidents and creates
a basis for the subsequent self-organization of the risk event taxonomy and the construction of
verifiable decision support contours.
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AnHoTamms. B craTbe paccmaTpuBaeTcs MpobiieMa YCTpaHEeHUST pa3peXXeHHOCTH U «JTOXKHOM
OPTOTOHAJTLHOCTH» B KOPOTKHUX, CIA00 CTPYKTYPUPOBAHHBIX TEXHUYECKUX COOOIICHUSIX, KO-
TOpPbIE 3aTPYAHSIOT CUCTEMATUYECKUIA aHAINU3 U MOIEIMPOBAHUE TOIIOJIOTUM PUCKOB CJIOXKHBIX
TexHnyeckux cucreM. [Ipemiaraercss MeToa KOHTEKCTHOM peryjsspu3alyiy IIpOCTPaHCTBa IIPU-
3HAKOB, KOTOPBIIi paccMaTprBaeT oboralieHne BeKTOPHBIX MPeACTaBICHUI KaK YIpaBiaseMblii
npoiiecc nuddy3un Ha Tpade COBMECTHOTO TTOSBICHUS JJeMM. TOIMOJIOTHST KOHTEKCTa 3a1aeTCs
B3BCIICHHON MaTpUIEH CMEKXHOCTH Ha OCHOBE ITOJIOXKUTEIBHOM TOYCTHOM B3aMMHOU MHGOP-
Malli¥, a PeKYPCUBHBIN O Gy30p BHITOIHIET UTEPATUBHOE PAacIpOCTpaHECHUE MPU3HAKOB C
[JIYOMHHBIM 3aTyXaHUMEM M aganTUBHBIM IDF-1111030M, KOTOPBIi IOAABIISIET LIYMOBBIE CBSI3U
W yCUJIMBaeT ATMarHOCTUYECKM 3HAauMMble TepMUHBI. HacTpoiika mapamerpa peryaspu3aiuu
dbopmanusyercsl Kak 3aJaya MaKCUMHU3AIMU 1IeJIeBOro (yHKIIMOHAIa KayecTBa, COYETaIOIIEro
METPUKH CTPYKTYPHOM pasgeIMMOCTH U CEMAaHTUUYCCKOM MOJHOTHI ¢ TOPOTOBBIM IITpadoM 3a
YXYIOIIeHUE pa3aeIMMOCTA. ANIPUOPU JTEMOHCTPUPYETCS OrpaHMYEHHBINA XapaKTep Ipoliecca
Inddy3nn 1 10Ka3bIBaeTCsI YCTpaHEHNE OPTOTOHAIBHOCTH TEPMHUHOJIOTMICCKN TETEPOTeHHBIX
OIUCAHUI NP HAJIMYMU KOHTEKCTYaJbHOIO «MOCTa» B rpade. DKCIIEpUMEHTAIbHOE TECTH-
poBaHMe Ha Kopryce omnepaTuBHBIX coobiieHuii NRC geMoHCTpUpyeT 3HAUUTEIbHOE YBEJIM-
YeHUE CEMaHTUYECKOM KOTePEHTHOCTU TeM IPU COXPAaHEHUU FeOMETPUYECKOM pa3iaeuMOCTH
knactepoB. [loiydyeHHOE B pe3ysibrare peryisipu30BaHHOE MPOCTPAHCTBO YIyYIIaeT MHTEP-
MPETUPYEMOCTh TEMAaTUYECKOM CTPYKTYPHI MHIIMACHTOB M CO30aeT OCHOBY IJIsI ITOCIICAYIOIICIA
CaMOOpPraHM3aliy TaKCOHOMUM PUCKOBBIX COOBITMI M MOCTPOEHUsI MPOBEPSIEMBIX KOHTYPOB
MO PXKKY IPUHSITUS PELICHUIA.

KioueBbie cioBa: c1a00CTPYKTYpUPOBAaHHBIC JaHHBIC, CUCTEMHBIN aHAJIW3 PUCKOB, TeMaTHIe-
CKOe MOofeNnpoBaHue, rpacd COBMECTHOI BCTpedaeMocTH, nuddy3noHHoe oboralieHue Mpu-
3HAKOB, MHTepIpeTupyeMbiii MW, Tomosorust aBapuitHbIX CUTYaLUid

®@uuancupoBanue: VccienoBaHue BHIIOJHEHO NMPU (GUHAHCOBOM MoanepxKe MUHUCTEpCTBA
HayKM M BbIciIero obpaszoBaHusi Poccuiickoit Denepanuu B paMKax TOCyIapCTBEHHOTO 3aja-
Hus «Pa3paboTka meromosioruv (HOpMUPOBAHUS UHCTPYMEHTAIbHON 0a3bl aHaIW3a U MOJE-
JIUPOBAaHUS TIPOCTPAHCTBEHHOTO COLMAIBHO-9KOHOMUYECKOTO Pa3BUTHUSI CUCTEM B YCIOBUSIX
¢ poBU3aIINY ¢ OTOPOI Ha BHyTpeHHME pe3epBbl» (FSEG-2023-0008).

Jna mutupoBanusa: Shkodyrev V.P., Konnikov E.A., Polyakov P.A. Contextual regularization of
the feature space of weakly structured data for analyzing the risk topology of complex technical
systems // Computing, Telecommunications and Control. 2026. T. 19, Ne 1. C. 80-90. DOI:
10.18721/JCSTCS.19108

Introduction

The transition of industry to the Industry 4.0 paradigm is accompanied by an avalanche-like growth
in the volume of heterogeneous data and the widespread digitization of the operation of complex tech-
nical systems [1]. Up to 80% of meaningful information about the condition of objects is now con-
tained in loosely structured text sources — shift logs, reports, acts — which are difficult to formalize
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for traditional risk analysis algorithms [2]. Global experience shows that an increase in the volume
of data without new methods of processing it does not lead to an equivalent increase in the quality of
accident prediction [3]. For example, investigations into the Columbia space shuttle disaster and the
Davis—Besse nuclear power plant accident revealed that critical warning signs had been present in
text reports for years but had gone unnoticed due to the limitations of classical safety models [4]. This
creates a contradiction in that monitoring systems accumulate large text archives but are “blind” to
the knowledge they contain about accident predictors [5].

The traditional Probabilistic Safety Assessment (PSA) methodology, based on structured failure
data and Boolean logic, has proven ineffective for analyzing the gradual evolution of defects in con-
ditions of semantic uncertainty in textual descriptions [6]. Existing algorithms treat texts as “bags of
words”, i.e., sparse vectors in the space of terms, and completely ignore the semantic connections
between different formulations of the same phenomenon [7]. Terminologically different descriptions
of similar processes are assigned orthogonal coordinates, as a result of which classical models fail to
capture the hidden causal relationships between events [8]. Even modern neural network methods do
not solve the problem [9]. Their “black box” decision-making is unacceptable in critical applications
due to the lack of guarantees and interpretability [10]. As a result, the emergency state of a complex
system should be viewed not as a single “trigger” but as a dynamic trajectory in a multidimensional
state space [11]. Neglecting the topology of this trajectory — the distribution of threats, the presence
of gaps and clusters — leads to the omission of rare but critical scenarios [12]. The lack of methods for
assessing risk elasticity — the sensitivity of the system’s trajectory to small perturbations of semantic
features — makes it impossible to rank threats according to their degree of controllability and generate
proactive accident prevention strategies [13].

Thus, a fundamental scientific task arises: to develop a set of methodological solutions for the sys-
tematic accounting of weakly structured textual information in security analysis [14]. It is necessary
to homomorphically map the semantics of operational texts into a metric space of risks, preserving
the original topological invariants of threats — connectivity, gaps, hierarchy — and ensuring the inter-
pretability of modeling results [15]. Recent work in the field of risk text mining confirms the relevance
of this task [16]. For example, in supply chain management, risks are successfully identified through
analysis of news and social media using thematic modeling and BERT models [17]. Insurance com-
panies have begun to implement solutions that integrate the analysis of text-based claims and applica-
tions to improve the assessment of underwriting risks. Reviews of methods for thematic modeling of
short texts are being conducted, and approaches are being developed for extracting safety knowledge
from free descriptions of incidents through ontologies and knowledge graphs [19, 20]. However, the
problem of false independence of short technical notes and the restoration of hidden connections
remains insufficiently solved in practice [21]. This article aims to fill this gap by proposing an original
method of contextual regularization of feature space to identify risk topology.

Methods

We propose representing a corpus of weakly structured documents as a directed context graph,
whose nodes are lemmas and whose weighted edges reflect associative links between terms in the texts.
Then, diffusion propagation of context across the graph is performed to enrich the vector representa-
tion of each document with semantically similar features. This approach allows us to overcome the
artificial sparsity of the feature space. Even if two messages do not have any words in common but
describe related phenomena, there will be paths on the graph connecting them through intermediate
terms, and as a result of diffusion, their vectors will converge. An important feature of the method is
adaptive control of the degree of context propagation to maintain a balance between data connectivity
and separability.
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Let this be the body of documents D, from which many unique lemmas have been extracted W =
=11, .., 1. We define a directed graph G = (W, E) with a weighted adjacency matrix 4 = [aij],
where the vertices are lemmas, and the weight a[jli — l/_ reflects the strength of the statistical association

between ll, and IJ Positive Point Mutual Information (PMI) is used as an association measure:
Pt
I*(¢,,¢,) = max lnM 0
P(¢,)P(t,

where P(ll,) is the empirical probability of encountering a lemma li in a random document, but P(ll,,
lj) is the probability of joint occurrence li and /. in one document. Thus, only those connections that
statistically significantly link terms in descriptions (PMI > 0) are included in the graph. To avoid the
dominance of single super-strong connections, an association limiter is introduced — the upper limit
1, PMI significance:

a; =min{I"(£,,0,),1,},

which prevents the concentrated flow of context through a narrow set of frequently paired terms. The
resulting graph G defines the topology of the context. It forms an “environment” through which the
semantic signal will propagate in subsequent stages.

The second stage involves enriching the feature vector of each document d € D with contextual
features. The initial representation of the document is given by a vector of term frequencies or weights
xfio) € R". The result of the algorithm is a regularized vector x , With the same number of measure-
ments, but denser and semantically coherent. Diffusion enrichment is performed iteratively in-depth
steps k=1, 2, ..., D. At each step, a contribution from neighboring vertices of the graph at a distance

k is added to the current vector. This can be written recursively:
xf,k) = xgk_l) + BockAxgk_l), k=1,...,D,

where a € (0,1] is the coefficient of context attenuation with increasing diffusion distance (depth),
and B > 0 is the coefficient that regulates the overall level of context addition. Thus, in the first step, the
document is enriched with direct links between its terms x((io), in the second step — indirect connec-
tions through one intermediate node, in the following steps — similarly. Thanks to the attenuation
factor o, the influence of distant contextual terms decreases exponentially with increasing depth,
preventing the thematic focus of the document from being “blurred”. The iterative process can be
interpreted as the diffusion of the “mass” of features across the graph. Initially, the entire mass is con-
centrated in the nodes of the document’s initial lemmas, then at each step, part of the mass flows to
neighboring nodes, accumulating in semantically close terms.

The key innovation of the method is adaptive contextual link routing. Despite the limitation IO, the
graph still contains many noise edges — terms from general vocabulary, abbreviations, data collection
artefacts that do not carry valuable meaning. To strengthen propagation through meaningful nodes
and weaken it through noise nodes, a diagonal matrix G of weight coefficients for lemmas is intro-
duced. Elements Gn’ depend on the statistical significance of the term ll. in the body, for example, from
the reverse frequency of the document idf(li) and from an a priori assessment of informational value.
As a result, the update is modified:

xf,k) = xt(,kfl) + BockAfolkfl).
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Such an Intermediate Distribution Frame (IDF) gateway passes context primarily through rare and
diagnostically significant terms, blocking propagation through common words and technical noise.

After completing D iterations, the resulting vector is normalized and small components are trun-
cated by a threshold. Normalization eliminates scale differences between documents, and threshold
zeroing filters out insignificant contextual additions, preserving the interpretability of the resulting
feature vector. Final state x, = xfiD) is a regularized space of document features — denser, semantically
smoothed, yet retaining the main thematic contours of the source data.

The most important component of the method is the automatic adjustment of the parameters ® =
a, B, D of the diffuser and gate based on the analysis of the structure of the obtained data space. On
the one hand, strong context diffusion (large a, B, D) maximizes the thematic relevance of doc-
uments, bringing them closer together semantically, which is useful for identifying hidden patterns.
On the other hand, excessive diffusion can negate data separability, complicating the detection of in-
dividual clusters of emergency scenarios. To achieve a balance between coherence and separability, a
feedback control loop is introduced. On the output set of vectors x, two data structure indicators are
calculated: cluster separability S and semantic completeness 7. These indicators reflect, respectively,
the geometric quality of data division and the informativeness of thematic coverage. Next, the scalar
quality functional Q(S, T) is determined, which is maximized at optimal parameters. One possible
variant of the functional is a penalty function with a divisibility threshold:

Q=T-pmax{0,5,-S}",

where So is the required threshold of cluster separability, L > 0 is the penalty coefficient for insuffi-
cient separability, and v > 1 is the penalty nonlinearity index. When S > SO, the penalty part is reset to
zero and the functional is equal to 7; otherwise, Q decreases proportionally to the non-fulfilment of
the So criterion. The selected functional is evaluated at the current state of the data, after which the
control algorithm — for example, the gradient search method or heuristics — adjusts the parameters
® in the direction of O growth. As a result, contextual regularization becomes a controllable pro-
cess. The diffusion and filtering parameters are automatically adjusted to the specific structure of the
analyzed data. This is important because the effectiveness of context propagation is not a constant —
it strongly depends on the nature of the corpus and the signal-to-noise ratio. In our experiments, pa-
rameter optimization yielded a significant quality gain compared to a fixed heuristic setting, confirming
the need for an adaptive contour.

The proposed regularization process has strict a priori properties of stability and correctness. First-
ly, diffusion along the association graph is fundamentally limited from above. Since, by definition,
0< a, < ]0 and all increments at each step are non-negative, the weight of the feature cannot grow
uncontrollably. More formally, consider the increase in the i-th component of the vector at step &:

(Ax(kd) )l_ =Ba‘Yy o, (x(k_l)d )] Maximum (x(gk_l) )j <1, and 3 .a, <3 I, =nl, Consequently,

(Axi{(k)d)) < BOLkI’ZIO. When o < 1, the series of cumulative increments for k = 1, ..., ©© converges. So,

every value x . has a finite limit at D — oo. Let there be two documents d and d' with initial feature
vectors xVd and x¥, having no common units. Suppose that there is a “bridge” on graph G — lemma
h associated with the term /, from d and ZI. from d' (a, > 0 and a,> 0). Then, at the first stage of dif-

fusion, both documents will receive a positive component based on the criterion: 4 : (xi(l)d) = Baa} >0
and (xi(l) ) _ Boca} > (. This means that their scalar product becomes strictly positive: <x(l)d ,x(1)> > 0.

Thus, the documents d and d’ cease to be orthogonal and begin to be recognized as close in feature
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Fig. 1. System for contextual regularization of the feature space
of weakly structured data (block diagram of the method)

space. In general, diffusion restores hidden semantic connections. Terminologically different descrip-
tions of the same phenomenon obtain a non-zero intersection on adjacent features already at the level
of vector representation. This fundamental property underlies the stated effect — the elimination of
data sparsity and increased coherence of thematic groups of documents.

To implement the proposed method, software was developed in Python. The main steps of the al-
gorithm — graph construction, iterative diffusion, and adaptive tuning — scale linearly with the size of
the corpus and are parallelized across documents. The association graph is constructed by truncating
rare terms and limiting the maximum degree of vertices for acceleration. Diffusion is performed until
convergence or until a given depth D, after which the metrics S and T are calculated using a cluster
analysis library and the parameters are tuned. The regulatoras operation is based on heuristics. First,
we increase o and 3 until the coherence 7 increases, then at the first signs of a drop in the silhouette
S, we fix them and increase D to expand the distant context without sacrificing local separability. This
approach significantly speeds up the search for the optimum. At the final stage, the regularized doc-
ument vectors and the topics and clusters calculated on their basis are saved for further interpretation
by experts.

As can be seen in Fig. 1, the proposed methodology combines the ideas of thematic modeling,
graph analysis and adaptive control. This interdisciplinary combination allows several tasks to be
solved simultaneously, namely to increase the semantic coherence of data by spreading information
across the graph and to ensure the verifiability of solutions through interpretable clusters and control-
lable parameters.

Experimental results

For experimental verification, a corpus of 12418 reports on operational events at nuclear power fa-
cilities published in the open database of the U.S. Nuclear Regulatory Commission (NRC) was taken.
Each document is a brief textual description of an incident or notification, accompanied by metadata.
The texts are short, rich in industry terminology, vary in style, and contain combined event scenarios.
Before analysis, standard pre-processing was performed in the form of tokenization, lemmatization,
stop word filtering, and very rare terms. In the original sparse feature space, characteristic problems
are observed, namely high dimensionality, document matrix sparsity (> 99.5% zeros), and low coher-
ence of thematic groups. K-means cluster analysis yielded an average silhouette of S = 0.32, indicating
weak clusters due to noise and overlapping topics.
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Fig. 2. Trajectory of optimization of the quality functional Q (/= Q) when selecting
the control action. The maximum is reached at 0 = 0.7, 3 = 0.5, D=3

By applying the adaptive regulator described above, we optimized the diffusion parameters on this
body. The criterion used was functionality. Q with a threshold S = 0.3 and a fine p = 5, v = 2. The
adjustment trajectory is shown in Fig. 2. It can be seen that the Q quality varies significantly in the
parameter space, with a distinct maximum. The optimum is achieved at a depth of D = 3, attenuation
coefficient o = 0.7 and scale B = 0.5. With smaller o and B, sufficient context enrichment is not achieved
(low T), and with larger ones, the silhouette S drops sharply. Thus, contextual regularization is not
a rigidly fixed heuristic — its effectiveness depends on the coordination of the diffuser and regulator
based on the observed response of the data structure. In our case, the algorithm automatically reached
a balance between connectivity and separability, which confirms the operability of the control circuit.
For comparison, with arbitrary settings, the coherence increased more strongly, but the silhouette fell
to 0.05, making the result practically useless despite the formal improvement in thematic connections.

After applying optimized contextual regularization, we performed thematic modeling of the corpus
using the LDA method with the number of topics selected using the 'elbow' method. For each topic,
we calculated the UMass coherence metric and the Topic Diversity index (the proportion of unique
words in the 10 main terms of the topic). In addition, all documents were clustered using the k-means
method into k = 12 clusters, and the average silhouette .S and intracluster inertia were measured. The
results of comparing the original and regularized spaces are shown in Fig. 3.

Regularization resulted in increased thematic coherence. The average UMass increased from —7.41
to —0.88 (the closer to 0, the more coherent the theme). All 12 topics became interpretable after pro-
cessing. Their top terms form meaningful combinations corresponding to specific types of incidents.
For example, one of the topics in the original space had the top words: “reactor, shutdown, scram,
inspection, pump, failure” (with a coherence of —6.8). After regularization, its top words became:
“reactor, core, fuel, cladding, cooling, temperature” with a coherence of —0.5, clearly reflecting the
theme of reactor core cooling. The topic diversity index T increased from 0.47 to 0.83, which means
a reduction in the duplication of terms between topics and more complete coverage of various aspects
of risk events. This result confirms the achievement of the goal of balancing connectivity and separa-
bility. The method significantly enriched the information for thematic analysis without destroying the
distinguishable structure of the source data.

The regularized representations of the documents obtained made it possible to construct an inter-
pretable taxonomy of emergency situations based on them. Using hierarchical clustering, we grouped
12 main themes into larger categories — risk archetypes. Four archetypes were identified:

1) equipment failures (equipment, components, cooling systems);

2) organizational errors (personnel, procedures, regulations);

3) external influences (power supply, electricity supply, natural factors);
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Fig. 3. Comparison of data structure quality metrics before and after contextual regularization
of the feature space. The method provides a multiple increase in semantic coherence
of topics with virtually unchanged cluster separability

4) nuclear-physical anomalies (reactor, core, radiation).

This taxonomy is consistent with expert models in the industry. More importantly, within each
archetype, it was possible to automatically identify key factor characteristics — graph nodes with the
highest centrality, corresponding to the root causes of incidents.

Finally, let us note an important practical aspect — interpretability and verification. Unlike ma-
chine learning “black boxes,” the resulting model is a set of topics and a graph of connections between
them that is understandable to an expert. Each new or rare event is automatically positioned in this
space as a coordinate. This makes it possible to verify conclusions. Specialists can view the top terms
of a topic or the key connections in the graph underlying a particular prediction, and thus trust or
challenge the system’s decision based on transparent cause-and-effect chains. In our experiments,
we integrated the regularized space into a prototype decision support system. When a new message
arrives, the system calculates its coordinate and assigns it to one of the known archetypes, then gener-
ates a warning indicating the most likely causes and recommended countermeasures associated with
that archetype. Thanks to consistency with the original terminology of the documents and preserva-
tion of the threat topology, such recommendations are easily interpreted by the operator and can be
directly used for proactive risk management.

Discussion

From a practical perspective, the regularized semantic space should be integrated into a closed op-
erational monitoring loop. Incoming reports are processed in near real time. Each report is projected
into the risk archetype space. The system then generates an alert with the most probable scenario, the
key driving terms, and a recommended response action. Initial archetypes are built on a historical
corpus and validated by experts. Later updates are performed on a sliding window with topic drift
control and periodic revision of the indicator lexicon. For operators, each alert is presented as a clear
link between archetype, factors, and action. The archetype defines the threat type. The factors explain
the model decision. The action is selected from a matrix that matches current response procedures.
In real deployment, the process should be tracked with KPI metrics such as early warning rate, time
to incident confirmation, precision and recall on retrospective data, false alert rate, and the share of
reports that require expert relabeling.

Reproducibility is ensured by fixing the full experimental pipeline. This includes unified preproc-
essing steps such as tokenization, lemmatization, stop word filtering, and rare lemma filtering. It
also includes an unchanged PMI graph construction scheme and explicit reporting of regularization
settings obtained by optimization. The key values are o = 0.7, B = 0.5, and D = 3. The thematic and
clustering settings are also fixed, including LDA and k-means with k£ = 12. For transfer to other cor-
pora of weakly structured reports, the algorithmic framework should remain unchanged. Only corpus
dependent components should be retrained. These components include the lexicon, thresholds for
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rare terms, regularization parameters, and the number of topics. The same objective function should
be used, which balances semantic completeness and class separability. Computational cost grows lin-
early with corpus size and supports document level parallelization. This makes the method suitable
for both large archival datasets and streaming data. Transfer stability should be verified by comparing
UDMass, Topic Diversity, and silhouette scores before and after regularization in the target domain.
The results demonstrate the effectiveness of the contextual regularization approach in addressing
the problem of information blindness in the analysis of man-made risks. The method made it pos-
sible to extract knowledge from unstructured text flows that previously eluded classical monitoring
systems. A significant improvement in thematic coherence with minimal loss of separability confirms
that our algorithm successfully restores hidden relationships between incidents without destroying
their individual characteristics. In fact, a transition from a “bag of words” to a “knowledge graph” is
achieved — texts are transformed into a network model of risk factors, where nodes and connections
have a specific physical meaning. This format of representation opens up wide opportunities for inte-
gration with existing Probabilistic Risk Assessment (PRA) tools. The risk topology graph can be used
to structure knowledge bases, train expert systems, and verify model assumptions. In addition, the ap-
proach can be easily generalized to other domains where there are archives of events with descriptions
in natural language — from aviation safety to electric power and medicine. The key requirement is the
availability of more or less uniform short texts and experts capable of interpreting the selected topics.

>

Conclusion

This paper presents a comprehensive approach to risk analysis of complex technical systems based
on textual data. An original method has been developed for enriching the feature space of short tech-
nical texts by recursively propagating context across a co-occurrence graph of terms with adaptive
IDF filtering. The method eliminates the effect of data sparsity and overcomes the false independence
of descriptions by restoring hidden semantic connections between messages. For the first time, it is
proposed to automate the balancing of regularization parameters based on observed structure metrics,
which allows achieving optimal informativeness without losing interpretability.

It has been proven that the diffusion enrichment process is limited in nature. With proper atten-
uation o < 1, the total contribution of the context converges, and small variations in probabilistic
connections do not cause unlimited growth in feature weights. This guarantees the stability of re-
sults when updating data and reduces the risk of overfitting to random noise. It has also been strictly
demonstrated that diffusion eliminates the orthogonality of terminologically different but essentially
related documents, thereby increasing data connectivity without resorting to external knowledge or
ontologies, solely through corpus statistics.

Experiments on real data (NRC reports) demonstrated a multiple increase in thematic modeling
quality metrics. UMass coherence increased ~8-fold, topic diversity increased by 76%, with a slight
decrease in cluster silhouette. The method identified meaningful thematic groups of incidents and
their hierarchy (risk archetypes) consistent with expert opinions. Key risk factors in each archetype
were automatically identified — terminological markers around which various event scenarios are
grouped. This proved the algorithm’s ability to extract new knowledge from text archives that were
previously difficult to analyze formally.

The most important advantage of this approach is that it remains interpretable at all stages. Both
intermediate and final results (connection graphs, topics, clusters) are understandable to humans
and can serve as a basis for management decisions. The method integrates into existing risk analy-
sis systems, complementing them. Regularized features can be fed into classical models for further
forecasting, increasing their accuracy by taking text information into account. At the same time, the
“transparency” of the source data is not lost, which is especially important for industries where expla-
nations and justifications for any automated conclusion are required.
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Thus, the study confirms the hypothesis about the possibility of systematic accounting for weakly
structured text data when analyzing the reliability and security of complex systems. The proposed
contextual regularization technique forms the missing link between text streams of operational infor-
mation and formal risk models, creating a unified metric that reflects the latent topology of accident
processes. The results obtained can be directly applied to improve accident monitoring and warning
tools. From intelligent support systems for process control system dispatchers to analytical modules
for regulators. In the future, this direction opens the way to the creation of cognitive safety manage-
ment systems capable of learning from the textual experience of past incidents and warning of new
threats at an early stage of their emergence.
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Abstract. A method for automatic classification of textual descriptions of emergency risk
incidents based on self-organizing semantic clustering is presented, which does not require prior
data labeling. Unlike traditional approaches, the method involves a two-stage scheme, which
consists of self-organization of a latent taxonomy of incidents through hierarchical thematic
decomposition of the text corpus, as well as continuous classification of new messages according
to their degree of belonging to all automatically selected classes at once. This transition from
rigid assignment to a single class to fuzzy membership allows hybrid incidents to be decomposed
into several risk factors, reflecting their mixed nature. The developed algorithm forms an
interpretable and stable taxonomy of incidents that preserves the structural isolation of clusters
even with a high proportion of hybrid events. Testing on the NRC data corpus showed that
most messages have a dominant risk factor with significant secondary components. The average
semantic consistency of clusters was ~0.62 (cosine measure), and the classification confidence
is distributed around the mean, reflecting the presence of both pure and mixed incidents. The
results confirm that the proposed method provides a mathematically correct decomposition of
complex situations into a set of risk factors and reduces the sensitivity of classification to noise
and inaccuracies in the input text. The methodology is focused on proactive risk analysis in
complex technical systems and can be used for automated decision support in industrial safety
systems.
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Annoramus. IIpencraBieH MeTon aBTOMAaTUYECKOW KilacCU(PUKALIMU TEKCTOBBIX OMUCAHUN
aBapUIHBIX PUCK-UHLUUACHTOB HAa OCHOBE CaMOOPTaHU3YIOIIEHCS CEMaHTUYECKOW KJacTe-
pu3annu, He TPeOYIOINi apUOPHON pa3MeTKN AaHHBIX. B oTan4ue oT TpagulIMOHHBIX MO~
XOJIOB, METOJl MIPEAIIOJIAracT ABYXATAIHYIO CXEMY, KOTOPAsS 3aKJIIOYAETCS B CAMOOpPraHU3aluu
JIATEHTHOW TAaKCOHOMMWMW WHIIMAEHTOB IOCPEACTBOM MEPAPXUUYECKOr0 TEMAaTUYEeCKOro pasjio-
JKEeHUSI TEKCTOBOTO KOpITyca, a TakxKe HEeMpPEepbIBHON KiacCU(MUKAIIMM HOBBIX COOOIIECHUIA IO
CTEeTNEHU MPUHAIIEXKHOCTU KO BCEM aBTOMATUUYECKU BBIIEJEHHBIM KjaccaM cpa3sy. Takoi me-
pexoll OT XXECTKOro MPUCBAMBAHUS OMHOTO KJIacca K HEYETKOUW MPUHAMJIEXKHOCTU MO3BOJISIET
JIEKOMIIO3MPOBATh TMOPUIHBIE MHIIMIEHTHI HA HECKOJIBKO (DAKTOPOB pUCKa, OTpaxasi UX cMe-
aHHyio npupoay. PazpaboraHHblit aaroputM GopMUpyeT MHTEPIPETUPYEMYIO U YCTOMUUBYIO
TaKCOHOMMIO MHLUACHTOB, COXPAHSIOUIYI0O CTPYKTYPHYIO 000COOJIEHHOCTh KJIAaCTEpOB Aaxe
MpU BBICOKOW J0Jie TUOPUAHBIX COOBITHIA. B pamkax ampobanuu Ha koprnyce maHHbIX NRC
MOKa3aHo, YTO OOJBIIMHCTBO COOOIIEHUI UMEIOT TOMUHUPYIOIIUI (haKTOp pucKka Mpu HaIu-
YUM 3HAYUMBIX BTOPUYHBIX KOMIOHEHTOB. CpeaHsisi ceMaHTHYecKasl COrJIaCOBAaHHOCTh KJla-
crepoB coctaBuia ~0.62 (KOCMHYCHasi Mepa), a YBEpeHHOCTh KilacCU(UKAILUKM pacrpeaesieHa
BOKPYT CPEeHEro 3Ha4eHUsl, OTpaxasi HaJTuyue KakK YUCTBIX, TaK U CMEIIaHHBIX UHIIUJACHTOB.
PesynbraThl MOATBEPXKIAIOT, YTO MPENJIOXEHHbI METOJ OOecreuyrBaeT MaTeMaTUYeCKU KOp-
PEKTHYIO I€KOMITO3UIIUIO CJIOKHBIX CUTyallMidi Ha COBOKYMHOCTh (PAKTOPOB PUCKA U CHUXKAET
YyBCTBUTEJIBHOCTh KJacCUPUKALINU K IIYMY U HETOYHOCTSIM BXOJHOTO TeKcTa. MeToaoa0Tus
OPUEHTUPOBAHA HA MPOAKTUBHBINM aHAINU3 PUCKA B CIOXHBIX TEXHUYECKUX CUCTEMAX U MOXET
MPUMEHSTBCS [IJIsI aBTOMAaTU3WPOBAHHOW MOMIEPXKKYU MPUHSITUSI PEIIEHUI B paMKax CUCTEM
NPOMBILLJIEHHOM 0€30MacHOCTH.

KnroueBble ciioBa: PUCK-MHIONUACHTBI, HCCTPYKTYPUPOBAHHBLIC JAHHLIC, CEMaHTUYECKUU aHa-
JIN3, TEMATUYCCKOC MOICIMNPOBAHUEC, KIAaCTCpHU3alnd, HCUYECTKAA K)'Ia.CCI/I(bI/IKa]_[I/ISI, TaKCOHO-
MU puCKOB

®unancupoBanue: McciaegoBaHue BBHITTOJHEHO NMpPU (PUHAHCOBON TMomaepkKe MHWHHCTEPCTBA
HayK1 M BBICIIEro odpaszoBaHus Poccmiickoit Memepanm B paMKaxX TOCyIapCTBEHHOTO 3ama-
Hust «Pa3paborka mMetomosoruu (OPMUPOBAHUS MHCTPYMEHTAIbHOM 0a3bl aHAIM3a U MOJIE-
JIMPOBAaHUSI MPOCTPAHCTBEHHOTO COLIMAIbHO-3KOHOMUYECKOTO Pa3BUTHUS CHUCTEM B YCIOBUSIX
HudpoBU3aLIMK ¢ OTTIOpoit Ha BHYTpeHHUE pe3epBbl» (FSEG-2023-0008).

Jlasa murupoBanus: Shkodyrev V.P., Rodionov D.G., Konnikov E.A. Method for classifying risk
incidents based on self-organization of semantic clusters // Computing, Telecommunications
and Control. 2026. T. 19, Ne 1. C. 91-102. DOI: 10.18721/JCSTCS.19109

Introduction

Ensuring industrial safety of complex technical systems requires systematic accounting of diverse
operational information, including text reports on incidents and accidents. Analysis of such weakly
structured data allows extracting hidden patterns of accidents and identifying risk factors for taking
preventive measures. Traditional methods of probabilistic risk and reliability analysis rely on failure
and event statistics presented in a strictly structured form [1, 2]. Classical models are difficult to apply
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directly to text descriptions that do not contain formalized markup of the causes and consequences
of accidents. In real operating logs, a single incident report often combines several aspects: the cause,
development, and outcome of the event. Rigidly assigning such a report to a single category leads to
a loss of information about the mixed nature of the incident and artificially inflates the number of
classes.

The problem of automated interpretation of weakly structured data in the security management
loop is interdisciplinary in nature, combining information theory, cybernetics, linguistics, and relia-
bility theory. The foundations of the infometric approach — the study of statistical patterns in infor-
mation flows (messages) in complex systems — were laid as early as the mid-20"" century. C. Shannon
introduced quantitative measures of information and uncertainty, laying the foundation for commu-
nication theory [3]. N. Wiener and his followers developed a cybernetic approach to management
and communication in technology and organisms [4]. The laws of information distribution were em-
pirically discovered, in particular Zipf’s and Lotka’s laws, which describe the frequency distribution
of terms and messages [5]. These classic works showed that even unstructured data contains hidden
statistical structures.

The current stage is characterized by rapid development of natural language processing (NLP)
and machine learning methods, which opens up new opportunities for analyzing text data in the field
of industrial safety. Most known studies focus on the automatic classification of reports according to
predetermined categories or risk attributes. For example, models based on image recognition methods
and deep neural networks have been proposed, trained to assign incident descriptions to one of several
fixed classes [6—8]. The practical application of such approaches has been demonstrated using data
from the construction industry and other fields [9—11]. However, experts note that simple categori-
zation is insufficient for a complete understanding of the causes and trends of accidents. A classifier
that assigns a single label to a report does not reveal the internal relationships between risk factors and
does not reflect the “hybrid” nature of incidents involving multiple cause-and-effect components.

An alternative to rigid classification is semantic text analysis, in which hidden topics or features are
automatically extracted from the corpus. Classic methods here are latent semantic analysis and prob-
abilistic topic modeling (Latent Dirichlet Allocation, LDA) [12]. Topical modeling has been success-
fully used to identify common accident and incident scenarios without manual annotation [13]. For
example, in [14], the BERTopic thematic model (based on BERT contextual embeddings) was used to
automatically identify key themes and trends in occupational injuries from 22623 OSHA reports. This
approach made it possible to detect hidden accident scenarios and predisposing factors that were dif-
ficult to identify using keyword methods. The advantage of thematic models is their ability to analyze
large amounts of text data and dynamically update the taxonomy as new information becomes availa-
ble. However, this approach also has limitations. First, standard algorithms such as LDA do not work
well on short technical records due to data sparsity. Second, many modern deep models are “black
boxes” — they improve the metric representation of text but lose transparency and interpretability,
which is unacceptable for critical system security tasks. In addition, topics obtained automatically do
not have unambiguous names, requiring expert interpretation. Accordingly, thematic analysis of inci-
dent data must be supplemented with structuring and decomposition steps so that the extracted topics
acquire the meaning of risk factors and can be used in assessing and mitigating that risk.

A separate area is related to the ontological approach and semantic-categorical analysis of texts
based on specified thesauri. Systems have been created where expert-developed hazard ontologies
are used to tag incident reports before they are analyzed [15]. Such solutions allow for highly accu-
rate interpretation, but require a lot of effort to maintain the knowledge base and do not scale well
to new types of threats. In dynamically changing operating conditions, this makes it difficult to use
ontological systems for accident prediction. Thus, there is a contradiction. On the one hand, loosely
structured text information needs to be taken into account to improve proactive risk management; on
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the other hand, there is no single set of methods capable of automatically converting raw text into a
metric space of threats while preserving their structure, causal relationships, and the ability to inter-
pretably track changes in risk.

In recent years, there has been an increasing number of studies devoted to the analysis of unstruc-
tured accident descriptions using NLP. Most of them address the task of classifying incidents by type
or factor, which is similar to our approach. For example, one study proposes an approach based on
gradient boosting and text processing methods for the automatic classification of construction acci-
dent records into predefined risk categories [16]. Another study developed a comprehensive machine
learning framework for extracting hazardous factors from report texts and analyzing their trends over
time [17]. OSHA reports were processed using classification and clustering methods, which made it
possible to identify the growth of certain risks and vulnerable groups of workers. In other areas, vari-
ous authors have applied the GPT-4 model (large language model) to automatically categorize textual
descriptions of risks in construction [18—20]. It has been shown that modern Large Language Models
(LLMs) are capable of achieving accuracy comparable to classical algorithms on structured features.
However, LLM models require careful prompt engineering, their output is difficult to verify, and the
use of commercial APIs in critical systems is undesirable for data security reasons. In addition, all of
the above approaches involve discrete classification — assigning a single class to each message. This
approach does not reflect the full scope of information if the incident is of a mixed nature.

Against this backdrop, an uncontrolled multi-class division of incident space with the possibility
of soft, diverse classification of each event looks promising. Thematic modeling approaches indicate
that such a taxonomy can self-organize directly from the data, without pre-assigning classes. The
question of structuring the obtained themes into risk factors and classifying new messages according
to all factors at once remains open. In our work, we have attempted to solve this problem. At the first
stage, a method of contextual regularization of the feature space was developed, which eliminates the
effect of sparsity and increases the connectivity of the semantic space of documents. Heterogeneous
messages became geometrically comparable, forming the basis for the selection of taxonomy. Next, a
scenario-optimization method for semantic processing of accident data was proposed, which allows
ranking risks in the text according to the degree of controllability [21]. Nevertheless, these solutions
left the problem of systematic classification of incidents unresolved. It is necessary to combine the
identified latent themes into a stable taxonomy and describe each message with a profile of its belon-
ging to this structure.

The goal of this work is to develop a teacherless risk incident classification method that allows
for the automatic construction of a hierarchical semantic taxonomy of emergency situations and the
fuzzy classification of each incident across a set of selected classes. The scientific novelty of the meth-
od lies in the transition from traditional discrete classification logic to continuous assessment of the
degree to which an event belongs to all potential classes simultaneously. This ensures the correct de-
composition of complex, combined incidents into constituent risk factors and reduces the sensitivity
of classification to local changes in the message text.

Methods

The proposed method treats the classification task as a two-stage process, which is represented in
the block diagram below. In the first stage, a taxonomy — a set of semantic classes without markup —
is automatically self-organized from the corpus of incident descriptions. This is achieved through hier-
archical thematic modeling of the latent feature space. In the second stage, new events are continuously
marked up relative to the resulting taxonomy — each message is assigned not one tag, but a vector of
memberships across all classes at once.

Let there be a corpus of N documents (incident descriptions) represented as non-negative feature
vectors X, € RM dimension M. All documents form a matrix of characteristics X = [xdm] e RVM,
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Fig. 1. Method for classifying risk incidents based on self-organization of semantic clusters and soft labeling

To build a semantic taxonomy, the number of large thematic clusters is specified at the top level K.
A probabilistic model of thematic decomposition is applied, resulting in the calculation of a matrix
of document distribution by topic ® = [Gdk] e RVX, where 0, = P(Z = k|d) — posterior proba-

bility (weight) of topic k in document d, matrix of topic profiles B = [Bkm] e R, where Bin =
= P(w: m|Z = k) — probabilities of terms in the topic. Thus, at the first level, each document is

characterized by a vector 0, = (9 Jis-es 0 dK). To fix the discrete taxonomy, we perform a strict as-
signment of the document to one of the upper classes according to the Maximum A Posteriori (MAP)
rule:

¢, (d)=arg max 9
1 (d) =argmax 6,

In other words, the document relates to the topic that carries the most weight 6 4 After that, sub-
topics are locally identified within each obtained top cluster k. For each k the number of subclusters
is specified L, and by subset of documents d : ¢, (d ) =k a thematic model with L themes is being

built again. Thus, local distributions are formed ®(k) = [O(k)dj} and profile matrices B(k) = [B(k)]
forj =1 ... L inside class k. Document d, related to the top topic k, at the second level is characterized

by the vector eg") = (fol), ey 92’?) by subtopics of this topic. Applying a similar MAP rule, we fix the
sheet cluster:

¢,(d)= argrnj%g@ , k=c (d).

The pair (k, j) defines the final leaf cluster of the taxonomy: C, ; = =d:c (d) =k, c, (d) =J.
Thus, taxonomy C= C is extracted from the data structure rather than from predefined expert
classes. Each cluster C . corresponds to a certain set of incidents that are similar in meaning, selected
automatically.

In the next step of the developed method, discrete taxonomy is transformed into a continuous
classification model. The idea is not to limit oneself to a single label Ck,,- to the document, but to
calculate the degrees of belonging of the document to all clusters at once. To do this, each cluster is
assigned a short semantic name l The set of all tags forms a set L = [, i in size K! x L. Then, a com-
mon metric space of features is constructed in which documents and cluster labels are represented as
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embedding vectors of unit length. For this purpose, one can use, for example, normalized vectors of
rows of matrix X after contextual regularization. They contain distributed semantic representations of
documents. Labels / 4 can be represented in the same vector space, for example, by their characteristic
words. Let us denote by u 4 the normalized vector of document d, and through u , — normalized label
vector [ € L. Then, naturally, a fuzzy membership matrix is introduced F' = [fd,l] dimensions N x |L],
whose elements are calculated as the cosine similarity between the document and the cluster label:

>

Jas= Cos(ud’ul) € [0’1]'

Each row of the matrix F, f, = ( Sais-s [y P ), is a continuous profile of document d's member-
ship in all taxonomy classes simultaneously. If necessary, this profile can be interpreted probabilisti-
cally by performing normalization. Let us introduce a normalized measure:

(f,) |
o for)

where A > 0 is the parameter that controls the “stiffness” of the distribution. The resulting vector
P, = ( pd,])l € L is a generalized (fuzzy) classification of incident d. If the text contains several inde-
pendent semantic components, their corresponding values p will be relatively large, and the document
will be described by a mixture of classes rather than a single label.

The transition from a discrete label to a membership vector is fundamentally important not only
conceptually, but also mathematically. Function fd,z proves to be resistant to minor disturbances in
the semantic representation of the document. Indeed, consider a fixed cluster / and two documents
i and ;. For the difference between their attributes, the following inequality holds true:

Pai=

|f;—,z —f_,-,1| :|cos(u,.,ul)—cos(uj,u, )| < |ul. —uj|.

Since the vectors are normalized, a small change in the text results in a small change in the embed-
ding u. This leads only to a slight change in the overall profile. fw whereas classical discrete classifica-
tion could change the label abruptly. Thus, the transition from single labels to continuous membership
scores not only enables multi-class decomposition, but also reduces the model's sensitivity to noise,
which is inevitable in text data. This is particularly relevant for technical journals, where incident
descriptions may contain inaccuracies and variable wording.

Results

The developed method was tested on a corpus of U.S. Nuclear Regulatory Commission (NRC) re-
ports on operational events at nuclear power plants. N = 10000 text records were used, covering a wide
range of incidents, from equipment failures to human errors and natural phenomena. A standard NLP
pipeline was used to convert the texts into matrix form X: cleaning, tokenization, lemmatization of
terms, and TF—IDF weighting. Next, contextual regularization of matrix X was performed, namely,
the construction of a graph of joint term co-occurrence followed by diffusion reordering of features.
As a result, the feature space dimension was M = 5000, and the semantic coherence of the data in-
creased significantly. The taxonomy parameters were selected structurally. K = 5 top-level topics and
L = 3 subtopics were set for each, resulting in K x L = 15 final clusters. These values are consistent
with expert opinion — the corpus is expected to contain about a dozen broad categories of incidents.

The figure below shows the distribution of classification confidence values &, = maX Py, ac-
cording to all documents. The amount & reflects how clearly the incident is associated W1th a single

96



4 System Analysis and Control >

120 =5 i ---- Mean: 0.64
100 B i

) m—_ﬂ |

i | -
40

20

0 —_—

0.50 055 060 0865 070 0.75

Fig. 2. Distribution of soft classification confidence

category in the model. When éd = 1 the document strictly belongs to one cluster, with smaller & , Seve-
ral classes have comparable weights. The histogram shows the concentration of values around the mean
E ~ (0.64. This means that for most events, the model identifies a pronounced dominant risk com-
ponent, but there is still room for hybridization. The “tails” of the distribution correspond to cases
where two or more labels receive similar values p e it is precisely these entries that can be interpreted
as mixed incidents requiring special attention from analysts.

Next, the consistency of each semantic tag is calculated. At the same time, the size of each cluster
is estimated |C k,j|‘ The figure below shows the relationship between cluster sizes and their average se-
mantic consistency. It can be seen that the resulting clusters vary greatly in size, which is natural for
real operational data. Some incidents are routine events and occur frequently, while others are rare
emergencies. Nevertheless, it is important to emphasize that the semantic consistency of the clusters
remains at a sufficiently high level for all groups. This indicates that the selected taxonomy reflects
objectively similar incident patterns and is not a random division. In other words, even small classes
have semantic unity, which is extremely important for practical interpretation — such clusters corre-
spond to specific but stable risk factors.

The resulting taxonomy of 15 classes can be interpreted as a hierarchy of risk incident categories.
For clarity, here is a brief list of the semantic classes identified (the names assigned are based on an
analysis of the top terms in each cluster):

* Inoperable System Performance Issues;

* Part 21 Reporting Issues;

* Generator Trip and Isolation;

* Plant Systems Maintenance & Response;

* Nuclear Regulatory Notifications;

* Nuclear Event Notifications;

* Fire Incident Notification;

* Hurricane-Related Plant Events;

* Seismic Event Response;

* Unusual Facility Atmosphere Events;

* Y-90 Treatment Dose Issues;

» Radiography Equipment Issues;
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Fig. 3. Cluster sizes and their semantic consistency

» Lost Radioactive Gauge Reports;

» Radioactive Shipment Contamination;

* Missing or Lost Equipment.

This list reflects a cross-section of the latent structure of the corpus obtained by self-organization.
It is crucial that the categories were not predetermined but emerged from the data. For example, the
Hurricane-Related Events cluster grouped all messages related to hurricanes, even though they were
not marked with a special tag in the original reports. Similarly, separate classes were formed around
specific procedures (Part 21) or problems (loss of sensors), demonstrating the method's ability to de-
tect implicit thematic associations in log entries.

The proposed method does not assume the existence of “correct” markup, so traditional metrics
of accuracy and completeness are not directly applicable. Instead, the quality and usefulness of the
resulting classification were evaluated according to three criteria: confidence distribution structure
& " semantic consistency of clusters and topological isolation of clusters in feature space. The latter
criterion quantitatively characterizes how geometrically separated clusters are and is calculated using
the silhouette coefficient S:

__b-a
max(a,b) ’

where a is the average distance (I — cosine proximity) between documents within a single cluster,
b is the the smallest average distance from the documents in a given cluster to the documents in a
neighboring cluster. In our experiment, we obtained the value S = 0.02, that is, formally S > 0. The
small positive value of the silhouette is explained by the presence of many hybrid messages that create
“bridges” between clusters and reduce intercluster distances. Nevertheless, S > 0 means non-zero
isolation of the structure — the taxonomy has a certain stability despite the complexity of the data. It is
important to note that discrete classification with this type of data would be methodologically incor-
rect. Many documents lie on the boundaries of classes and contain characteristics of several groups at
the same time. That is why soft classification here is not a side effect, but a necessary way of describing
reality. It recognizes the multi-causal nature of incidents and reflects it quantitatively.

It has been experimentally confirmed that the proposed method successfully solves the task of
classifying risk incidents without a teacher. An interpretable taxonomy of 15 semantic categories is
formed, and the classification confidence has a stable structure. The semantic consistency of clusters
is maintained at a practical level of ~0.6, the cluster separation criterion S is positive, which indicates
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non-zero structural stability of the obtained taxonomy even with a significant proportion of hybrid
events.

Discussion

The results obtained demonstrate the high effectiveness of the self-organizing risk incident clas-
sification method for analyzing large arrays of operational data. In traditional safety monitoring sys-
tems, each event is recorded under a single category, such as “operator error”, “equipment failure”,
or “natural impact”. This simplification can lead to an underestimation of complex situations where
several factors act together [22]. The proposed method allows, for the first time, an incident to be de-
scribed by a set of risk factors with a quantitative assessment of each factor's contribution. The hybrid
characterization of an incident provides more complete information for subsequent risk analysis. It is
also consistent with the principles of Learning from Incidents (LFI) methodologies, which empha-
size the need to consider the combination of causes and conditions of accidents [23]. Our method
automates the multifactorial analysis of each case, which previously could only be achieved through
labor-intensive expert analysis.

In practical deployment, the membership vector should be used as an operational risk profile for
each incoming report. The largest component identifies the dominant factor, while the next com-
ponents show secondary drivers that may escalate the event. A warning can be generated when the
dominant score is at least 0.60 or when the sum of the two largest scores is at least 0.80, because this
pattern indicates either a strong single threat or a stable hybrid case. Analysts can rank reports by these
scores to prioritize response actions and investigation depth. Hybrid profiles are especially useful for
root cause analysis, since they reveal interacting mechanisms such as equipment issues combined with
procedural deviation. The same profiles support preventive planning, because recurring factor combi-
nations can be tracked over time and mapped to targeted mitigation measures.

Unlike the “black boxes” of deep neural network models, the cluster-thematic taxonomy obtained
by our method is interpretable by humans. Each class corresponds to an understandable semantic
label (name), and the coefficients p,, can be interpreted as the degree of influence of the relevant
factors on the event d. This opens up the possibility of model validation by security experts. More-
over, the matrix F' = fd,z can be considered as a normalized factor profile of incidents. Essentially, the
method solves the problem of automatically forming a knowledge base about latent risk factors and
their manifestations in real events. This result is directly relevant for proactive risk management — it
allows you to build “threat maps” that show which combinations of factors occur most often and how
they are interrelated. Similar ideas are embedded in ontological risk analysis systems, but there the
factors are set manually. Here, they are extracted from the data, which confirms the thesis about the
possibility of self-organization of the semantic structure of threats without a teacher.

Semantic class labels should be formed from the most representative terms of each leaf cluster and
then embedded in the same normalized vector space as documents. A robust label can be built from
top weighted terms that pass frequency and exclusivity filters, followed by expert screening to remove
ambiguous tokens. To keep names stable after corpus updates, the previous label vector should be
retained as an anchor and updated only when cosine similarity between old and new prototypes drops
below a fixed threshold, for example 0.85. This rule prevents unnecessary renaming and preserves
continuity of monitoring dashboards. The quality of label representation can be checked by measur-
ing the gap between in cluster and out of cluster similarity to the label vector. Better label vectors im-
prove the membership matrix because they increase contrast between dominant and secondary factors
without forcing hard assignment.

Conclusion

The paper solves the problem of classifying risk incidents in the absence of prior labeling by means
of self-organization of semantic clusters and soft classification of events according to them. A method
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for constructing a taxonomy of risk events directly from a text corpus has been developed. The taxon-
omy is a hierarchical structure of classes (topics and subtopics) identified without a teacher based on
latent semantic analysis of data.

An approach to fuzzy classification of incidents is proposed, in which each message is assigned
a vector of degrees of membership to all classes of the taxonomy. It is shown that such a continuous
profile is resistant to minor text distortions and adequately reflects cases of hybrid incidents.

The interpretability and practical significance of the method has been experimentally confirmed
using 10000 reports of events at nuclear power plants. An interpretable taxonomy of 15 categories has
been constructed, which is consistent with expert opinions and complements them by identifying
new combinations of factors. It has been shown that soft classification allows complex incidents to be
broken down into several risk factors, which expands the information base for proactive risk manage-
ment. This approach surpasses traditional single-class classification in terms of informativeness and
flexibility.

Quality analysis was performed: semantic clusters have an average consistency of ~0.6, and the
silhouette coefficient S > 0 confirms the preservation of the topological structure of clusters even with
multiple intersections. This means that the selected classes are not random and can serve as a reliable
basis for further monitoring and forecasting.

The method is fully automated and does not require labor-intensive data preparation. This is im-
portant for practical implementation in security monitoring systems, where the volume of unstruc-
tured data is constantly growing. The proposed algorithm can be integrated into problem-oriented
decision support systems for filtering incident streams, early identification of dangerous trends, and
developing risk management recommendations [24].

>
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Abstract. Induction motors, widely used in electromechanical equipment of mining enterprises,
are susceptible to failure due to frequent starts, overloads, and wear, leading to accidents and
economic losses. Induction motors are one of the main sources of kinetic energy in industry and
agriculture. Motor failure leads to shutdown of the technological process and reduced efficiency,
requiring regular monitoring. Traditional diagnostic methods based on the analysis of individual
signals and classic machine learning with manual feature selection are insufficiently reliable under
variable operating conditions and are highly susceptible to human factor. This paper proposes
an approach to diagnosing induction motor faults based on a deep residual network using signal
analysis, deep and transfer learning, and information fusion. Various three-phase current input
strategies are implemented, and a model capable of automatically extracting informative deep
features from the current signal is constructed. The experimental results confirm that the proposed
deep learning-based model provides higher diagnostic accuracy compared to traditional machine
learning algorithms.
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AHHOTamMsA. ACUHXPOHHBIC IBUTATEIH, ITUPOKO MPUMEHSIEMBIE B 3JEKTPOMEXaHNICCKOM
000pYIOBAaHMU TOPHbBIX MPEANPUITUINI, MOABEPXKEHBI OTKA3aM M3-3a YACThIX IIYCKOB, IIEPErpy-
30K ¥ M3HOCA, YTO BEAET K aBapusM U DKOHOMMYECKUM MOTEPSIM. ACUHXPOHHBIE ABUTATEIN
SIBIISIIOTCSL ONHUM M3 OCHOBHBIX MCTOUHMKOB KMHETUYECKOM 3HEPIMU B IIPOMBIIIICHHOCTH U
cenbckoM xo3siicTBe. OTKa3 aBUTraTe sl MPUBOAUT K OCTAHOBKE TEXHOJIOTMYECKOTO Tpollec-
ca ¥ CHIXEHUIO 3¢ GEKTUBHOCTH, ITO3TOMY €ro COCTOSTHHE TpPeOyeT PeryjJssipHOTO KOHTPOJIS.
TpaguoHHBIE METOABI JUAaTHOCTUKN, OCHOBaHHBIC Ha aHAJIN3¢ OTHCIbHBIX CUTHAJIOB M KJlac-
CHYECKOM MAIIMHHOM OOYYEHUM C PYYHBIM BBIOOPOM IPU3HAKOB, HEAOCTATOYHO HAAEXHBI B
MEePEMEHHBIX YCIOBMSIX DKCIUIyaTallMi U CUJIbHO 3aBUCIT OT 4YeIoBeYecKoro (akropa. B craThe
MpeajaraeTcs MOAX0I K AMarHOCTUMKE HEUCIIPAaBHOCTEM aCMHXPOHHBIX JABUTaTeeii Ha OCHO-
Be IIyOOKOI OCTaTOYHOM CETU C MCIIOJb30BaHMEM METOJOB aHalKM3a CUTHAJIOB, INIyOOKOro U
TpaHchepHOTO 00YUYeHUs, a TaKKe CIUSTHUS WHpopMauu. Peaan3oBaHbl pa3IMdHbIe CTpaTe-
T'MH BBOIA Tpexda3HOro ToKa U IMOCTPOeHAa MOJIEb, CITOCOOHAs aBTOMAaTUUECKHN M3BJICKATh MH-
dopMaTuUBHEIC TIIYOMHHBIC TIPU3HAKY M3 TOKOBOTO CUTHaIA. DKCICPUMEHTAIBHBIC PEe3YIBTATHI
MMOATBEPKIAIOT, YTO MPEeIIOXKEHHAsI MOIEb Ha OCHOBE INIyOOKOTo OOyYeHMs oOecIieurBaeT
0oJiee BBICOKYIO TOYHOCTh IMAaTrHOCTUKM 110 CPABHEHUIO C TPAAULIMOHHBIMM aJITOPUTMAaMU Ma-
LLIMHHOTO O0Oy4YeHUsI.
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Introduction

Induction motors are one of the main sources of kinetic energy in industry and agriculture. The fail-
ure of the engine leads to a shutdown of the process and a decrease in efficiency; therefore, its condition
requires regular monitoring.

Traditionally, performance is assessed by routine inspections and threshold methods of signal analy-
sis, which often leads to “blind” maintenance and late detection of defects. The development of sensor
technologies and computing tools makes it possible to implement online diagnostics based on recorded
current and other signals, and the use of intelligent algorithms increases the accuracy and stability of
diagnostics compared to simple threshold approaches [1]. Motor fault diagnosis technologies can be
divided into four groups: based on signals, mechanical theory, models and digital modeling [2—4].

Algorithms based on signals and traditional machine learning are developed by improving the meth-
ods of signal detection and processing, but require manual selection of features and a large volume of
data [5—7]. Modeling-based approaches use physically justified models of the motor and make it possi-
ble to obtain responses in terms of current, vibration, and acoustic parameters that reflect its condition
[8—10]. Deep learning, which has become one of the main directions in the processing of technical data,
is being actively studied and used in the tasks of diagnosing electric motors [11—13]. At the same time,
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existing intelligent algorithms remain sensitive to cross-domain differences and imbalanced samples.
In this regard, this paper discusses a method for diagnosing and classifying induction motor states
based on deep learning, focused on improving accuracy under various operating conditions with a
limited amount of training samples.

Materials and methods

Types of engine faults

If the engine starts and stops frequently, the rotor rods may break due to uneven force [14]. Load
changes and voltage drops can also affect the service life, which will lead to rotor failure (Fig. 1).

When a fault occurs, the characteristic frequency expression of the rotor is as follows:

Sy = (1£2ks) £, (1)

where s is the sliding speed; f1 is the power frequency; £ is a positive integer.
Air gap between rotor and motor stator is unevenly distributed (Fig. 2).
The simplified expression of the frequency of the fault characteristic is as follows:

fag = fl i m ro (2)
where m is a positive integer, m is the rotor speed, and the expression has the form:
(1=5)
)=, 3)
p

where p is the number of pairs of poles of the magnetic field of the motor.

One type of the stator failure is the stator turn-to-turn failure — a common fault in induction motors
[15]. It consists of damage to the insulation between two or more adjacent turns of the stator winding,
which leads to a current leakage.

When this fault occurs, the stator current waveform is distorted, and harmonic components appear
[16—18]. The specific expression of the harmonic component characteristic of the fault is as follows:

fst={£(l—s)iz}f1=nfrizl, 4)
p

wherez=1,2,3,...,.2p—1);n=1,3,5,...

Fig. 1. Broken bar rotor fault diagram
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Fig. 2. Air gap eccentricity fault diagram: normal state (), static eccentricity (b), dynamic eccentricity (c)

Bearings often operate under undesirable conditions, such as prolonged operation, overload, corro-
sion, and wear, which can easily lead to the failure of various parts of the bearing. At this time, the motor
undergoes abnormal vibrations, causing changes in the magnetic field, thereby generating harmonics in
the stator current.

Faults in different parts of the bearing will generate vibration information at specific frequencies, and
their vibration characteristics differ from one another [19].
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Traditional current signal analysis method

A fast Fourier transform (FFT) analysis of the stator current spectrum is used to identify frequency
features. Based on the measured three-phase current, a spectrum is constructed, in which components
appear at frequencies corresponding to the types of faults described in the previous section.

Next, a standard sequence of coordinate transformations is applied. First, the Clarke transform is
performed, which converts the three-phase stator current into a two-phase orthogonal signal ia, iﬁ.
Then, using the Park transform, this signal is converted into a synchronously rotating coordinate system
d-q with an electric angle 0, determined by rotor position. In the d-g coordinates, components i » iq
and their spectral components at diagnostic frequencies are analyzed, and they are used in the traditio-
nal model as fault features.
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Convolutional neural networks

Deep learning refers to neural network machine learning methods and is distinguished by the fact
that it automatically extracts complex features from data without manual specification. One of the main
options is a convolutional neural network (CNN) — a sequence of convolutional and pooling layers fol-
lowed by fully connected layers. In this article, a CNN is used to extract informative features from the
current signals of an induction motor and then diagnose its faults.

CNNis share parameters and employ local receptive field strategies to reduce computation time. In-
itially, they were used in the field of motor fault diagnostics, either to extract and recognize features, or
directly as a classifier. The most typical CNN is LeNet-5 [20].

In addition to the classical LeNet, other convolutional network architectures have been developed,
such as AlexNet, VGG, and ResNet, which differ in depth and organization of layers. In this paper, a
ResNet network was chosen as the basic model, using residual blocks (skip connections) for sustaina-
ble training of deep structures and reducing the risk of overfitting. Such a network includes a series of
convolutional layers, multi-level residual modules, and an output fully coupled layer performing motor
state classification.

There are eight residual modules in the entire network, and their structure is shown in Fig. 3.

The residual block design is divided into a non-downsampling module and a downsampling mod-
ule, depending on whether a convolution step change is used. With input X and output Y, the block
actually learns the residual mapping (Y—X), which reduces the problem of gradient disappearance
with increasing network depth and helps preserve information about the input data.

Residual blocks use batch normalization (BN), which normalizes layer outputs over a small group of
training examples. This accelerates convergence, reduces the spread of activation values and increases
the network’s resistance to changing the distribution of input data.

Engine fault diagnosis system based on deep residual mains

In the diagnosis of electric motors, methods of information fusion are widely used, where data from
several sensors or different representations of the same signal are combined. This approach allows ex-
panding the set of failure features and obtaining more reliable classification compared to the analysis of
a single data source. A distinction is made between fusion at the data level, feature level, and decision
level. This paper uses fusion at the feature level: informative characteristics are extracted from the initial
signals, after which they are combined and sent to the classifier input.

Traditional information fusion systems in motor diagnostics usually use shallow networks and do
not allow obtaining deep signal features. Here, a deep ResNet-based residual network is applied, that
extracts features from current signals and performs classification using a Softmax output layer.

The shapes of stator currents for different types of faults (rotor rod failure, air gap eccentricity, sta-
tor turn-to-turn short circuit, bearing defects etc.) differ in amplitude, phase, and waveform structure.

a) b) X

> 1*1 Conv
3*3 Conv BN,ReLU

BN,ReLU 3*3 Conv
3*3 Conv BN,ReLU
Y-X 1*1 Conv

+ Y-X
Y

Fig. 3. Residual module architecture (a), residual module architecture downsampling (b)
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Fig. 5. ResNet deep learning motor fault diagnostic flowchart

These differences are reflected in both time and frequency domains and can be used as features for deep
network training.

To assess the effect of the signal representation method, three strategies for introducing three-
phase current into the network are considered. In the first strategy, the three-phase current is used as a
three-channel input of a single convolutional branch of the network. In the second strategy, phase A, B
and C currents are fed to three separate network branches, after which the extracted features are com-
bined. In the third, combined strategy, the three-phase current and the sum of the A+B+C phases are
processed by three-channel and single-channel branches, respectively, and then the features are fused in
a fully connected layer (the structure is shown in Fig. 4).

The ResNet-based deep learning algorithm for fault diagnosis includes three main stages (Fig. 5).
At the first stage, pre-processing and normalization of recorded current signals are performed, and
training and test samples are formed for the selected input strategy. At the second stage, ResNet is
trained on a training set using a loss function based on the classification results. At the third stage, the
trained model is tested on independent data, and the motor state is determined from the output of the
Softmax layer and the diagnostic accuracy is evaluated.

Results and discussions

In order to analyze the diagnostic effect of the above diagnostic model, three-phase normal motor
stator currents, stator turn-to-turn short circuit, rotor failure, air gap eccentricity, imbalance and bear-
ing failure are collected during stable operation, and 8192 consecutive sampling points are taken as one
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sample of current signals. 200 samples of three-phase stator currents are collected for each state at 1200,
1500 and 1800 rpm, and 100 samples are randomly selected to construct a training set. 100 samples are
randomly selected to construct a training sample, and the remaining 100 samples are used as a test sam-
ple, in which the categories of samples are presented in Table 1.

Rotor rod break, air gap eccentricity, stator turn-to-turn short circuit, bearing defects etc.

Table 1
Description of the experimental sample of the tag
Motor status Training set Test kit Category
Normal 100 100 0
Rotor rod failure 100 100 1
Air gap eccentricity 100 100 2
Stator turn-to-turn short circuit 100 100 3
Power supply imbalance fault 100 100 4
Bearing failure 100 100 5

To verify the efficiency of the proposed algorithms, a three-speed fault classification model is used
and three series of experiments are performed:

1. Traditional machine learning: 71 statistical features are extracted from the training and test data-
sets and fed into an SVM classifier to obtain the results.

2. Deep learning: the diagnostic performance of different current input strategies is compared, the
network is trained on processed samples, the results of deep and classical models are compared under
three-phase and single-phase current input conditions.

3. Variable modes of operation: 1500 — 1800, 1800 — 2100, and 1500 — 2100 rpm: the results of
diagnostics of traditional and deep learning are compared, while the proposed algorithm uses a three-
phase current input strategy.

Experimental analysis of a machine learning model

To analyze the capabilities of machine learning to recognize the state of motor failure, 71 statistical
features were selected in the article, each feature was fed into SVM for classification after normaliza-
tion, and, finally, an accuracy indicator was obtained (Table 2).

Table 2
Motor fault diagnosis results based on traditional machine learning

Speed 1500 rpm 1800 rpm 2100 rpm

Diagnostic accuracy 92.17% 92.67% 93.83%

As shown in Table 2, when using traditional machine learning for classification, the diagnostic accu-
racy depends on the rotation speed, and its values are 92.17% and 93.83%. at 1500 rpm and 2100 rpm,
respectively.

When using machine learning for classification, there is a large number of errors in diagnosing mo-
tor imbalance faults, errors in diagnosing air gap eccentricity, and errors in diagnosing stator turn-to-
turn short circuit for individual samples, while for all other states they can be distinguished directly.
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Experimental analysis of deep learning models

Implementing deep learning in the context of motor fault diagnosis does not require signal process-
ing. Feature extraction and other operations may be performed directly on the original current samples
as training and test sets for deep learning.

In the training phase, the training sets are used as input to a deep learning network, and the diagnos-
tic results of the current network for the training set are verified by minimizing the loss function. The
test phase iteratively calculates the loss function for the test set and determines the accuracy of fault
diagnosis for the test set. When the training set losses converge, it means that the network for testing is
trained, and the diagnostic accuracy for the test set is the final diagnostic accuracy. Using the example
of a speed of 2100 rpm, the parameters and weights of the ResNet deep network model are initialized,
a training set at a speed of 2100 rpm is used to train the model, and a test set at the same speed is fed
to the network for prediction and diagnosis. The curves of the loss function during the training and
testing phases and the accuracy of the model diagnostics are shown in Fig. 6.

As shown in Fig. 6, the training set loss function begins to converge at the 31 iteration, the network
loss is close to 0, and the training set validation effect reaches 100%. While the network losses of the
test set tend to be stable and the diagnostic accuracy reaches 95.17% after a small fluctuation, i.e., the
accuracy of the selected model of diagnosing motor faults based on ResNet deep learning for faults at
2100 rpm reaches 95.17%. Under these conditions, the final classification results from the confusion
matrix are shown in Fig. 7. The horizontal coordinate is the real mark of the sample, and the vertical
coordinate is the predicted mark.
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Fig. 6. ResNet deep network model at 2100 rpm
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Fig. 7. ResNet deep network model results confusion matrix at 2100 rpm
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As shown in Fig. 7, the deep learning model is able to fully identify four motor states: normal, open-
circuit faul, eccentricity fault and turn-to-turn short circuit. For bearing failure, very few misclassified
examples were observed, and for stator winding imbalance faults, only 72 out of 100 examples were
classified correctly, with 27 examples were misdiagnosed as bearing failures.

In deep learning, evaluation metrics for multi-classification fault diagnosis models include micro-
averaging (Micro-F1) and macro-averaging (Macro-F1), as well as accuracy and the confusion matrix.
In the former case, the Micro-F1 value is calculated based on the total accuracy and metrics across all
categories, and in the latter case, the Macro-F1 value is obtained by averaging the F1-Score values for
each category. Taking the diagnosis at 2100 rpm as an example, the precision P and the recall R for each
category should be calculated first, and the formula is as follows:

po_1P . )
TP+ FP

R:L’ (1())
TP+ FN

where TP is true positive, meaning “predicted positive, actual positive”; F'P is false positive, meaning
“predicted positive, actual negative”; F'N is false negative, meaning “predicted negative, actual positive”.
The value of F1-Score can be calculated from precision and recall, and the formula is as follows:

2 2%Px*R

l+i P+R
P R

F - (1)

It can be seen that the Micro-F1 is calculated taking into account the number of each category in
the sample, which is suitable for imbalanced samples, and also affects classes with a large sample size;
while Macro-F1 accounts for each category equally and is influenced by precision and recall rates for
different categories. From the above equation, Micro-F1 and Macro-F1 can be calculated as shown

in Table 3.

Table 3
Deep learning model score at 2100 rpm

Failure category TP FP FN P R F1
0 100 0 0 100% 100% 1
1 100 0 0 100% 100% 1

2 100 1 0 99% 100% 0.995
3 100 0 0 100% 100% 1

4 72 1 28 99% 72% 0.8324

5 99 27 1 79% 99% 0.8761
General indicators 571 29 29 95% 95% -

The Micro-F1 and Macro-F1 values of the diagnostic model for this rotation speed are 0.9517 and
0.9506, respectively, which exceeds 0.95, indicating that the constructed deep learning model has
excellent performance in multi-classification of motor faults and strong generalizability.
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Diagnostic results for different current injection strategies
A diagnostic system with different current input strategies is used to diagnose motor faults at three
speeds: 1500 rpm, 1800 rpm and 2100 rpm, and the accuracy of the results is shown in Table 4.

Table 4
Diagnostic results of motor faults based on deep learning at different values of input current

Current input strategy 1500 rpm 1800 rpm 2100 rpm
Three-phase current 94.17% 95.00% 95.17%
Single-phase current (A/B/C) 92.50% 95.50% 94.50%
Three-phase current + single-phase current (A/B/C) 94.67% 95.33% 95.83%

As shown in Table 4, the diagnostic effect of the diagnostic network at 2100 rpm is generally better
than under the other two conditions, indicating that motor fault features are more apparent at 2100 rpm.
When comparing circuits with different current strategies, the diagnostic accuracy when using three-
phase currents and single-phase currents as input for different deep learning networks is higher than
when using single-phase currents as input, but the difference in diagnostic results of the first two is
small. The diagnostic result of 95.83% is achieved at 2100 rpm, which corresponds to the real require-
ments for fault diagnosis, and the specific diagnostic results are given in Table 5, which indicates the
number of samples with correct prediction results from 100 samples for each condition.

Table 5
Diagnostic results for different current injection strategies at 2100 rpm

Fault type Three-phase current | Single-phase current (A/B/C) Three-phiii:;lrtr((azl}; /s(ijl;gle-phase
0 100 100 100
1 100 100 100
2 100 99 100
3 100 100 100
4 72 71 76
5 99 97 99
Medium accuracy 95.17% 94.50% 95.83%

As can be seen from Table 5, all current input strategies better differentiate the normal state of the
motor, rotor rod failure and stator turn-to-turn short circuit, while for other faults, three-phase and
single-phase currents can be fully differentiated in diagnosing air gap eccentricity faults and bearing
failures by feeding them into a deep learning network, respectively, and in the case of stator windings,
misdiagnosis still occurs, even though the rate of fault diagnosis has improved. For the stator wind-
ing, even though the fault diagnosis rate has improved, there are still misdiagnoses, and for the fault
winding imbalance in the best diagnostic result of 100 samples, there are 24 misdiagnosed samples, of
which 22 samples are predicted as bearing faults.

Comparison of diagnostic outcomes between machine learning and deep learning

For the diagnostic process of machine learning, extraction of the original signal features and extrac-
tion of the Park fusion current features correspond to the deep feature extraction of the single-phase and
three-phase current in the third deep learning current input strategy, and therefore the results in this
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state can be used to directly compare the fault diagnosis results of machine learning and deep learning
for motor faults. The results of the comparison are shown in Table 6.

Table 6
Comparison of diagnostic results between traditional machine learning and deep learning model

1500 rpm 1800 rpm 2100 rpm
Traditional machine learning 92.17% 92.67% 93.83%
Deep learning 95.17% 96.33% 96.83%

As shown in Table 6, the effects of traditional machine learning and deep learning are similar for
the three speeds, and the diagnostic accuracy increases as it approaches the rated speed. The diagnostic
accuracy of both traditional machine learning and deep learning is lowest at 1500 rpm, while the diag-
nostic accuracy of deep learning is higher than that of traditional machine learning for all speeds. For
traditional machine learning, effective features must be selected manually, and diagnostic accuracy is
easily dependent on the selected features, but the deep ResNet model can avoid this disadvantage. Thus,
the deep ResNet network has potential for practical application in the diagnosis of numerous faults in
electrical machines.

Conclusion

Induction motors are used in various industries and their safe operation affects the stability of the
entire system. However, due to frequent starts and stops, as well as long-term use, the probability of
faults increases; therefore, diagnosing failures and determining the state of induction motors is of
great importance. With the development of diagnostic technologies, Al methods are being increasing-
ly used in the field of equipment diagnostics. This article considers an induction motor with a squir-
rel-cage rotor as an object of research, the current state of motor fault diagnosis and the problems
it faces are analyzed, and the method for recognizing the state of an induction motor under variable
operating conditions based on deep learning methods and information fusion of current signals is
investigated.

The article provides an analysis of causes of various faults and characteristic frequencies of faults
in motors. On the basis of FFT and Park conversion, the manifestation of faults in current signals is
considered. A stand with a real induction motor was built, current signals were collected in six different
states. Deep learning theory is then generalized, and ResNet-based deep network is considered as the
primary tool for motor state classification, utilizing the fact that several residual modules allow reduced
network learning complexity and improved feature extraction.

It is evident that conventional signal analysis and machine learning methodologies require expert
knowledge to extract a variety of statistical features that describe fault information. In this regard, this
paper proposes a method for diagnosing faults in electric motors based on a deep residual network. It is
shown that three-phase current carries different diagnostic information; therefore, several three-phase
current input strategies have been developed. These strategies are used in combination with a deep
ResNet network for deep feature extraction and state classification. Based on the deep ResNet network,
a model for diagnosing motor faults is built, which combines the processing of three-phase current and
its single-phase combination. The results of the experiments show that the diagnostic accuracy of en-
tering three-phase and single-phase current data into the ResNet multi-branch deep learning network,
which performs feature extraction and fusion, outperforms alternative strategies. The accuracy of diag-
nostics at three speeds is 94.67%, 95.33% and 95.83%, respectively, which confirms the effectiveness of
using deep learning for fault diagnosis of induction motors.
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