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SPIKING NEURAL NETWORK ANALOG
TWO-VARIABLE NEURON IMPLEMENTATION
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Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation
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Abstract. Currently, the problem of using neural networks in embedded systems, which have
constraints on power consumption and area occupied, is relevant. At the same time, there is
growing interest in spiking neural networks — more biologically realistic neural networks
with potentially higher energy efficiency. This paper presents a review of existing hardware
implementations of spiking neural networks, implemented both in the digital and analog
domains. A hardware implementation of analog spiking neuron and synapse fabricated in Mikron
JSC 180 nm CMOS technology with a reduced supply voltage of 0.6 V is presented. According
to the simulation results, the energy consumption of a single neuron was 1.46 pJ/spike. The
paper also provides a formula for comparing energy consumption between neurons fabricated in
different technologies and with different supply voltages. According to this formula, the energy
consumption of the implemented neuron is comparable to that of the referenced sources.

Keywords: spiking neural network, power consumption, spiking neuron, analog neuron, analog
synapse

Citation: Skrebenkov D.I., Budanov D.O. Spiking neural network analog two-variable neuron
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PEAJIU3ALUA AHAJTIOTOBOIo ABOUYHOIO HEMPOHA
ANnA UMNy1IbCHOU HEUPOHHOM CETHU

A.UN. CkpebeHko6 & , [1.0. bydaHo8

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

= skrebenkov_di@spbstu.ru

AnHoramus. B HacrosIee BpeMs akTyaibHa TTpobyieMa MCITOJb30BaHUST HEMPOHHBIX ceTeil
BO BCTpaMBaeMBbIX CHUCTEMaX, B KOTOPHIX CYIIECTBYIOT OTpaHNUYCHUS TI0 MMOTPEOISIEMOI MOIII-
HOCTHM M 3aHMMaeMOM ruromanu. B To e BpeMs pacTeT MHTEpeC K UMITYJIbCHBIM HEMPOHHBIM
ceTsIM — 0OoJjiee OMOJIOTMYECKU pPEeaTMCTUUYHBIM HEHPOHHBIM CETAM C IOTEHIIMAJIbHO Oosce
BBICOKOI 3HeproaddekTuBHOCThIO. B maHHOI paboTe mpeacTaBieH 0030p CYIIECTBYIOLIMX
anmapaTHBIX peajiu3alllii UMITyJbCHBIX HEMPOHHBIX CeTeil, peaJn30BaHHbBIX KakK B LIM(MPOBOM
obylacTu, Tak U B aHajoroBoil. [lpencraBieHa anmapaTHas peaju3alivs aHAaJTOTOBBIX WMITYJTb-
CHBIX HEpOHA W CWHArca, BBIMOJHEHHOTO o TexHojoruu AO «Mukpon» 180 am KMOII ¢
MOHMXEHHBIM HanpsikeHneM nutanust 0,6 B. [1o pesyiabraraM MoaeanpoBaHus OTpedJisseMast
SHEprus OJHOTo HeitpoHa coctaBuia 1,46 nJlx/umiynbc. Takxke B pabore mpuBeaeHa hopMy-
Jla IJ1 CpaBHEHMS MOTPeOIsIeMOil SJHEPTUM MeXIy HelipOHaMU, BBIMOJTHEHHBIMU MO Pa3HbIM
TEXHOJIOTMSIM U C pa3HbIM HallpspkeHreM nutaHus. [1o manHoi dhopmyse moTpebisiemMast 3Hep-
T'Usl peaTu30BaHHOTO HEMPOHA COMOCTaBMMa CO CPaBHUBAEMbBIMU UCTOYHUKAMMU.

KiroueBbie cioBa: UMITyJIbCHAsl HEMPOHHAS CETh, MOTPeOasgeMas MOIITHOCTb, UMITYJIbCHBIN Heil-
POH, aHAJIOTOBBLI HEMPOH, aHAJIOTOBbIM CUHAIIC

Jas murupoBanusi: Skrebenkov D.I1., Budanov D.O. Spiking neural network analog two-variable
neuron implementation // Computing, Telecommunications and Control. 2026. T. 19, Ne 2.
C. 7—-15. DOI: 10.18721/JCSTCS.19201

Introduction

Artificial neural networks (ANNs) are widely used in various areas such as classification and clus-
tering, image and speech recognition, prediction etc. Several types of neural network are developed,
for example, feed-forward neural network (FFNN), convolutional neural network (CNN), recur-
rent neural network (RNN) etc. ANNs can also be applied in embedded systems for vehicle driver
assistance [1], real-time image recognition [2, 3], monitoring [4] etc. The use of ANNs in embedded
system is limited by small area and low power consumption that leads to the need to develop specific
ANNs which can meet these restrictions. Spiking neural network (SNN) uses a different type of neu-
ron interaction compared to other ANNs. The nature of this network can be used to develop neural
networks with lower power consumption that are suitable for embedded devices.

This paper describes the basics of SNNs and shows several existing approaches to spiking neuron
implementations. One of the approaches has been implemented using 180 nm technology to evaluate
its benefits and drawbacks.

SNN basics

Basic principle
An SNN is a next-generation of neural network that is mostly based on biological mechanisms of
neuron interactions. An SNN operates with spikes — short impulses which can activate a neuron and

© CkpebeHkos [.U., ByaaHos [.0., 2026. U3paTenb: CaHKT-MeTepbyprckuii NOIMTEXHUYECKUI YHUBEPCUTET MeTpa Benvkoro
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Fig. 3. Equivalent circuit and time diagram of HH model [6]

make it produce another spike. An illustrative example of a spiking neuron performance is shown in
Fig. 1.

Encoding

Data encoding in SNNs is also different compared to ANNs. An SNN operates with data distrib-
uted in time, so encoding may be done by the number of spikes in a given period (frequency encoding)
or by the time between spikes (temporal encoding). These types are shown in Fig. 2.

Neuron models

There are a lot of spiking neuron models. Some of them are purely mathematical models that are
not applicable in hardware-implemented neural networks because of their complex computations,
such as the Izhikevich model [5]. Another popular model is the Hodgkin-Huxley (HH) model [6] that
includes several biological parameters of a biological neuron. The equivalent circuit and time diagram
of the HH neuron model are shown in Fig. 3.
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The most popular spiking neuron model is the Leaky Integrate-and-Fire (LIF) neuron [6]. In
comparison with the HH model, it does not have ion potentials, but it still considers several biologi-
cal mechanisms such as refractory period and leakage when there is no input excitation. All observed
hardware implementations of SNN use this model of neuron due to its balance between simplicity and
biological plausibility. The Integrate-and-Fire (IF) neuron model [6] does not have a refractory period
and is one of the simplest spiking neuron models. However, according to a review of papers devoted
to hardware implementation of neural networks, the IF model is not used as widely as the LIF one.

Hardware implementation of SNN

General device implementation

Despite focusing on hardware implementation, it is necessary to consider software-based imple-
mentations using general-purpose devices for computations such as CPUs and GPUs. In [7], a com-
parison between an ANN and an SNN for a classification task is presented. The data for classification
were real-time ECG signals. The paper shows that the SNN accuracy was 2.5% higher than that of the
ANN. However, there is no additional data in the paper to reveal which structure of ANN was used.
In [8], an SNN for ECG signals processing is presented. The paper shows that the applied SNN can
achieve 93—94% accuracy for real-time ECG classification.

FPGA-based implementation

FPGA is a widely used device for developing accelerators for ANN because of its high flexibility.
In [9], both a new type of data encoding for SNNs and important parameters for embedded devices
are presented. According to this paper, FPGA solutions in recent years can achieve 97% classification
accuracy with power consumption down to 100 mW. In [10], an algorithm to switch from an ANN to
an SNN to avoid the training operation for SNN is shown, which is usually more complex than train-
ing an ANN. A comparison between the starting ANN and the resulting SNN shows that the accuracy
slightly decreased from 92.43 to 91.96% and power consumption decreased significantly from 0.56 to
0.20 mW.

ASIC digital implementation

When it comes to ASIC, there is a possibility to use not just a digital domain but also mixed and
analog circuits to implement neural networks.

In [11], digital SNN was firstly verified using FPGA and then implemented in ASIC using 40 nm
technology and a comparison of several recent papers was given. According to this comparison, the
accuracy of implemented SNN achieves 90% or higher and the occupied area varies from 0.1 mm?
to 40 mm?. Energy consumption in the highlighted work achieve 0.75 pJ per classification. In [12],
multicore coprocessor was implemented using 14 nm technology and achieves 26.7 pJ/spike energy
consuming with a total occupied area 60 mm?.

ASIC analog implementation

In [13], a full analog neuron circuit for SNN with clocked comparators is presented. This solution
is implemented using 22 nm technology and achieves 87 fJ/spike energy consumption with 14000 um?
occupied area. This work also considers a comparison between several mixed-signal approaches which
shows that energy consumption can achieve values from hundreds of fJ/spike to tens of pJ/spike. In
[14], an analog neuron implemented in 150 nm technology with energy consumption 55 fJ/spike and
occupied area 250 um? is presented. It shows noticeable energy consumption but requires high-vol-
tage additional circuits in training stage.

SNN neuron implementation

A spiking neuron and a synapse were implemented based on [15]. Their performance was then eva-
luated. The circuit diagram of the neuron is shown in Fig. 4.

The neuron has three units. The first unit calculates the membrane potential using a current mirror
and a capacitor. The input current drives the current mirror when the input current is higher than the

10



4 Intelligent Systems and Technologies, Artificial Intelligence

Fig. 4. Neuron circuit

leakage one. The membrane potential is proportional to the charge stored in capacitor CO and decays
through transistors M3 and M5. Transistor M5 is controlled by external voltage V_L and provides the
leakage current. When a spike is generated, transistor M4 opens and the membrane potential is set to
the value of external voltage V_c.

The second unit calculates the adaptation potential and its value is proportional to the charge
stored in capacitor C1. When a spike is generated, transistor M 14 opens and the adaptation potential
is increased depending on external voltage V_D, which is the gate voltage of transistor M16. When a
spike is not generated, the adaptation potential decays through transistors M6 and M9, and the latter
is controlled by external voltage V_A. The current flow of transistor M5 increases as the adaptation
potential increases and makes it more difficult for the membrane potential to increase.

The third unit is a comparator which is controlled by external voltages for setting the threshold and
bias voltages. The circuit diagram of the synapse is shown in Fig. 5.

The neuron and the synapse were implemented using Mikron JSC 180 nm CMOS technology. The
supply voltage was decreased from 1.8 V, which is standard for the technology, to 0.6 V. It allows power
consumption to be reduced by moving the operating points of transistors to the sub-threshold region,
as is done in the reference paper.

The simulation circuit is shown in Fig. 6.

The input source is implemented as a PMOS current mirror. The value of the input current is
controlled by transistor M3 with a DC gate voltage. A pulse source is used to set the initial state. V_B
voltage is set to Vdd to bring the comparator to its operating point. V_D is a PMOS gate voltage, so it
is set low to let current flow when a spike is generated. V_c is a relaxation voltage, so it is also set low.
V_L and V_A are set high (400 mV and 600 mV respectively) to achieve a noticeable leakage current.
This simulation contains only one neuron whose output is the output of inverters, and capacitors were
set as a load for it. During the simulation, the power consumption for each spike was measured, and
its value is 1.46 pJ per spike.

For comparison between neurons implemented with different technologies, technology-indepen-
dent energy estimation per spike is given by:

- wo
- . ,
70 [ vddo
T, ) \vdd,

where W is the technology-independent energy per spike, W0 is the technology-dependent energy per
spike, 70 is the technology node of the evaluated circuit, T’ ref is the reference technology node, Vdd0
is the voltage supply of estimated circuit and Vddm fis the reference voltage supply.
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Fig. 6. Simulation circuit

According to this estimation, the neuron circuits from the references are compared with the imple-
mented neuron circuit. Results are shown in Table 1.

Table 1
Comparison of estimated energy consumption
Neuron Technology node Vdd, vV Estimated W, pJ per spike
[13] 22 nm 0.8 13.06
[14] 150 nm 0.4 0.362
[15] 65 nm 0.3 4.017
This work 180 nm 0.6 4.424
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Fig. 7. SNN neuron layout
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Fig. 8. Neuron with ESD guard ring

After schematic simulation, the layout of neuron circuit was designed. The layout of the SNN neu-
ron is shown in Fig. 7. The occupied area of the neuron is 1440 um?. A guard ring was implemented
around the chip to provide a protection against electrostatic discharge and to enable experimental
measurements. The total area of the chip with the ESD guard ring is 887400 pm?.

A synapse with two input neurons (with same weight values) and one output neuron was simulated
taking into account the parasitic parameters of the SNN neuron circuit layout. A significant drawback
of this synapse is that the weights of the neurons are set through the width of the transistors (M12 and
MO in Fig. 5). This will lead to weight mismatch on a real device because the effective width of the
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transistors is depending on several factors of environment where this device is used and on semicon-
ductor process effects during chip manufacturing. For further applications, it is necessary to move
away from setting the weights using the transistor width and provide another method of weight setting
for the SNN based on this neuron.

>

Conclusion

This work has presented a hardware implementation of an analog SNN neuron and a synapse with
neuron energy consumption 1.46 pJ/spike at a supply voltage of 0.6 V in Mikron JSC 180 nm CMOS
technology. Using the formula for comparison between implementations with different technologies,
it was shown that the implementation presented in this work has comparable energy consumption
compared to the reviewed works. A circuit with several neurons and their connection via a synapse
was simulated to validate its performance. A drawback of the implementation presented in this work
is that the neurons weights are set by the width of the synapse transistors, which will lead to weight
mismatch. Further studies are required to find other ways of setting neurons weights and to reduce
energy consumption of the neuron circuit for better energy efficiency.
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Abstract. Accurate prediction of the remaining useful life (RUL) of rolling bearings under
different operating conditions is essential to enable proactive maintenance of industrial
systems. To address the limitations of traditional recursive models in capturing complex time
dependencies and distinguishing sensor contributions, we propose a temporal and feature
cooperative attention-based gated recursive unit (TFCA-GRU). By integrating temporal and
feature channel attention mechanisms, the model adaptively focuses on degradation-related
time steps and key sensor features to build more robust RUL models from multidimensional
time-frequency fusion data. Therefore, the TFCA-GRU enables sensitive extraction of critical
features from long-term dependencies and local feature information. The validity of the proposed
TFCA-GRU is verified using the bearing dataset from the XJTU-SY and the IEEE PHM 2012
Prognostic Challenge. This paper also provides the model’s intrinsic interpretability through
structured non-uniform attentional learning across time and feature dimensions. This reveals
TFCA-GRU’s selective attention to information time intervals and feature dimensions, which
improves the transparency of the model. Experimental results show that the proposed TFCA-
GRU performs better than some existing prediction methods in bearing RUL prediction across
operating conditions.
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Annorammus. TouHoe TpoOrHo3mpoBaHME ocTaTouyHOTo pecypca (Remaining Useful Life,
RUL) moammmnmHUKOB KaueHUsI B Pa3JIMYHBIX YCIOBUSX IKCIUTyaTallUM SIBJISIETCS KJIIOUEBBIM
SJIEMEHTOM [IJIsI OPTaHU3alMU TTPOAKTUBHOTO OOCIYXUBAHUSI TTPOMBILITIEHHBIX cucTeM. st
MPEeo0JeHUsI OTPAHWYEHUI TPaJAULIMOHHBIX PEKYPCUBHBIX MOJEell, KOTOpble HE Bceraa
CMOCOOHBI YIaBAMWBATh CJIOXHbIE BPEMEHHbIE 3aBUCMMOCTH W pasziuyaTh BKJAJ OTIEIbHBIX
MaTYUKOB, MBI TIpeaaraeM PeKyppeHTHBIN OJIOK ¢ MeXaHM3MOM COBMECTHOI'O BHUMAHUS MO
BpeMeHHOU U npusHakoBoii pazmepHocTsIM (TFCA-GRU). Mexanusm TFCA-GRU unterpu-
pyeT BHUMaHUE K BPEMEHHON MOCJIEA0BATEJIbHOCTY U K KaHajJiaM TIPM3HAKOB, UYTO MO3BOJISIET
MOJIETU aJanTUBHO (POKYCUPOBATHCS Ha KIIIOYEBBIX ITAllaX BPEMEHHOW MUHAMUKU, CBSI3aH-
HBIX C Jerpajgalueit, a Takxke Ha HaumboJiee MHPOPMATUBHBIX CEHCOPHBIX MPU3HAKaxX. DTO, B
CBOIO oYepelb, TO3BOJIIET CTPOUTh Oojiee ycroitumBbie Moaean RUL Ha ocHOBe MHOroMepHBIX
YacTOTHO-BpeMeHHbIX JaHHbIX. Takum obpazoMm, TFCA-GRU obecrnieunBaer 0ojiee UyBCTBU-
TEJbHOE W3BJEYEHUE KPUTUUYECKUX MPU3HAKOB U3 JOJTOBPEMEHHBIX 3aBUCUMOCTEN W JIOKAJb-
HOI mpu3HaKoBoil uHbopMauu. Monenp 6bl1a BepudurpoBaHa Ha Habopax gaHHbIX XJTU-
SY u IEEE PHM 2012 Prognostic Challenge. B paboTre Takxke momgdyepKuBaeTCs BHYTPEHHSS
WHTEPIPETUPYEMOCTh MOJIENIU, KOTOpasi JOCTUTAETCSI 32 CUET CTPYKTYPUPOBAHHOTO HEPaBHO-
MEpHOTro o0y4yeHUsI BHUMaHUSI M0 BPEMEHHON U MPU3HAKOBOW pa3MEpHOCTAM. DTO MO3BOJISIET
packpbiTh u3dbuparenbHoe BHUMaHue TFCA-GRU k nHGbOpPMaTUBHBIM BPEMEHHBIM WHTEP-
BajlaM U MPU3HAKOBBIM Pa3MEPHOCTSIM, YTO B CBOIO OY€peb MOBBIIIAET MPO3PAYHOCTh MOJE-
M. DKCIIEpUMEHTAJIbHBIC pe3yIbTaThl ITOKA3bIBAIOT, YTO TpemioxeHHas moaenab TFCA-GRU
MPEBOCXOUT HEKOTOPbIE CYIIECTBYIOIIME METONbI TporHo3upoBanuss RUL mommmmnmHuKoB B
Pa3JIMYHBIX YCIOBUSIX DKCIUTyaTalluy, YTO JejIaeT ee MepCrneKTUBHON s MPAaKTUYECKOTO MpU-
MEHEHMSI B TPOMBIIIIEHHBIX CUCTEMAX.

KioueBble clioBa: OCTaTOUHEIN pecypc, TIIy0oKoe 00ydeHNEe, MEXaHU3M BHUMAHMSI, PEKYPPEHT-
HBII OJIOK, CIMSTHUE BPEMEHHBIX M YACTOTHBIX XapaKTePUCTUK, MHTEPIIPETUPYEMOCTh MOJIEIIN

®unancupoBanue: VMccienoBaHue BBITTOTHEHO TTpU (pUHAHCOBOI MoanepxkKe Kuraiickoro rocy-
napctBeHHOro komuteta o cruneHausam (CSC.202309810002).

Jna marupoBanusa: Guo C., Potekhin V.V. TFCA-GRU: A temporal and feature cooperative at-
tention GRU for remaining useful life prediction of bearings across conditions // Computing,
Telecommunications and Control. 2026. T. 19, Ne 2. C. 16—30. DOI: 10.18721/JCSTCS.19202

Introduction

Mechanical systems are the foundation of modern industry and accurate prediction of the Re-
maining Useful Life (RUL) of critical components is essential to ensure reliability and reduce main-
tenance costs [1, 2]. As a core element of Prognostics and Health Management (PHM), RUL pre-
diction is particularly important for rolling bearings, which are prone to failure and widely used in
rotating machinery. Effective RUL estimation enables timely maintenance, minimizes downtime and
improves the efficiency and safety of the entire system [3].
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As the requirements for equipment reliability and operational safety continue to increase, various
advanced techniques have been applied to the RUL prediction of rolling bearings. Existing methods
are broadly categorized into model-based and data-driven approaches. Model-based approaches rely
on physical or mathematical models to simulate degradation behavior, but their applicability in the re-
al world is limited due to the complexity of the failure mechanisms and the need for extensive a priori
knowledge. In contrast, data-driven approaches utilize sensor data and machine learning algorithms
such as support vector regression, random forests and neural networks to learn degradation patterns
without the need for explicit physical models. These methods offer greater adaptability and scalability
for industrial applications, making them more suitable for complex nonlinear systems [4, 5].

With the rapid development of Al, Deep Learning (DL) techniques hold great promise in the field
of PHM, especially in the RUL prediction of rolling bearing [6]. These methods, including Con-
volutional Neural Network (CNN), Recurrent Neural Network (RNN) and Gated Recurrent Unit
(GRU), can learn degradation patterns directly from raw sensor signals without the need for manual
feature extraction. Various strategies have been proposed to improve prediction accuracy and robust-
ness [7]. For example, in [8], a multiscale variational Gaussian self-attention (MVGA) mechanism
was developed, that is integrated with a Depth-Wise Sparse Attention Long Short-Term Memory
(LSTD) to enhance temporal modelling and mitigate feature confounding through depth propaga-
tion. In [9], the focus is on the construction of effective Health Indicators (HIs) via an unsupervised
approach by employing a multiscale convolutional LSTM auto-encoder that combines support vector
regression and CNN-BiLSTM networks, resulting in improved RUL prediction without the need for
manual preconditioning. In [10], the problem of uncertainty modelling and noisy signal interference
with the Deep Residual Temporal-Spatial Network (DRTS-Net) was addressed, which integrates at-
tention and soft thresholding to enhance interpretability and probabilistic health estimation.

GRU networks are able to capture long-term temporal dependencies while reducing computa-
tional complexity, and thus have become a widely adopted architecture in time series modelling.
GRUs are more compact, converge faster, and have a smaller number of parameters than traditional
LSTM networks, making them well suited for industrial applications that require real-time and re-
source-efficient RUL prediction. In recent years, various GRU-based models have been developed
to improve the performance of bearing RUL estimation. For example, in [11], a Multiscale Efficient
CNN (MSECNN) is proposed, incorporating bidirectional GRUs to exploit spatial and temporal
degradation features. They implemented image-based feature extraction using the Gramian Angular
Difference Field (GADF) transform to improve the prediction performance under stable conditions.
Similarly, in [12], a multi-scale gated CNN-GRU architecture is introduced and used a transformer
encoder to improve long-range dependency modelling. In [13], stacked GRUs integrating Dynamic
Time Warping (DTW) based attentional mechanisms and Bayesian inference are employed to achieve
prediction accuracy and uncertainty estimation. Together, these approaches demonstrate the versatility
and potential of GRU-based frameworks for RUL prediction tasks.

Although effective, existing GRU-based models face several significant limitations. Firstly, many
models rely on signal transformation or manual feature extraction (e.g., GADF coding or engineering
health metrics), which can introduce information loss and increase preprocessing complexity. Sec-
ondly, while GRUs can capture temporal dependencies, they lack the intrinsic ability to distinguish
which time steps or sensor channels are most informative about degradation progress. While atten-
tional mechanisms have been employed to address this issue, most existing implementations deal with
the time and feature dimensions separately or asymmetrically, failing to jointly model their interac-
tions. Moreover, architectures that combine GRUs with complex modules such as transformers or
Bayesian estimators typically incur significant computational overheads, which limits their utility in
real-world deployments under different operating conditions.
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To address these challenges, we propose a novel architecture — Temporal and Feature Cooperative
Attention GRU (TFCA-GRU) — which integrates attention mechanisms along the time and feature
axes into a unified, lightweight GRU-based framework. This design enables the model to dynamically
emphasize critical time steps and degradation-sensitive sensor dimensions, thereby improving predic-
tion accuracy and interpretability under different operating conditions without sacrificing computa-
tional efficiency. The main contributions of this work are as follows:

1. A novel time and feature cooperative attention-based GRU framework (TFCA-GRU) is pro-
posed for predicting the RUL of bearings under different operating conditions. The model effectively
captures long-range time dependencies and critical sensor interactions through joint attention mo-
delling.

2. A Multi-Head Temporal Attention Mechanism (MTAM) is designed to dynamically highlight
the time steps associated with degradation, thereby improving the model’s ability to identify critical
stages in the degradation process. In addition, a feature-focused module is introduced for adaptively
re-weighting input features, thus allowing the model to focus on condition-sensitive signals while
maintaining a lightweight structure.

3. Experiments conducted on the XJTU-SY and IEEE PHM 2012 Prognostic Challenge datasets
demonstrate the effectiveness and generality of the proposed method. The model shows good predic-
tion accuracy and robustness across operating conditions.

4. The interpretability of the proposed model is verified through attention visualization, which
demonstrates its ability to selectively focus on the information time interval and feature dimensions,
thus improving the transparency of the model.

Proposed methods

TFCA-GRU framework for bearing RUL

The overall system framework of rolling bearing RUL based on TFCA-GRU is shown in Fig. 1.
The system contains four main components, which are: equipment data acquisition, data preprocessing,
TFCA-GRU model, and RUL prediction.

GRUs

LSTM networks were introduced to alleviate the gradient vanishing and gradient explosion prob-
lems faced by traditional RNNs when processing long sequence-dependent information. LSTMs en-
hance the capture of long dependencies by designing forgetting gates, input gates, and output gates
to selectively store and update time-series information. However, with the increasing demand for
network efficiency and model simplicity, GRU has emerged as an improved version of LSTM.

GRU achieves efficient management of information flow by combining the forgetting and input
gates of LSTM into a single update gate and introducing a reset gate. This improvement not only
reduces the number of network parameters, but also reduces the model complexity and effectively
avoids the risk of overfitting. Meanwhile, GRU maintains the sensitivity to information dependence
on long series modelling, which further improves the performance of time series prediction.

The core structure of GRU consists of four main states:

1) reset gate r,

2) update gate z, ~

3) candidate hidden state #,,

4) output hidden state /..

The parameter update equations of GRU model are as follows:

r=c(WX,+Uh_+b,); (1)
z,=c(W.X,+U.h_ +b.); (2)
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Fig. 1. System framework of the rolling bearing RUL based on TFCA-GRU

h =tanh (WX, +r, ©Uh,_, +b); (3)
h, =(l—z)®h:+zt®ht71, 4)

where 6 € (0,1) is the activation function, tanh e (—1,1) is the hyperbolic tangent function, W and U
are the weight matrices, b is the bias term, and O is the element-level multiplication.

MTAM

MTAM aims to simulate human’s ability to selectively pay attention to time-series information,
so that the model can dynamically allocate attention weights, focus on important time steps, and
enhance the ability to capture long-time dependencies. Traditional RNNs are limited to a fixed time
window, making it difficult to adequately model long-term dependent information. With the intro-
duction of the temporal attention mechanism, however, the model is no longer limited to sequential
traversal, but models global associations for all time steps, which substantially improves the flexibility
and accuracy of information capture.

The core idea of the temporal attention mechanism designed in this paper is to map the input
sequence to three vectors: query, key and value, — and calculate the attention weights through the
interaction between these three to determine the degree of attention of the model to different time
steps [14].
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Suppose the input time sequence is X = [x,, X, ..., X,], where x, € R4 is the feature vector of the
t-th time step, 7 is the length of the sequence, and d is the feature dimension. In the temporal atten-
tion mechanism, the input is first linearly mapped to generate a query vector, a key vector and a value
vector. The transformation process of the three vectors is as follows:

0= XW, +b,; (5)
K =XW, +b,; (6)
V=XW,+b,, (7)

where WQ, WK and WV are the weight matrices after linear mapping, bQ, bK and bV are the bias vectors.

The model then calculates the similarity weights of the query and key for each time step using
scaled dot product, and the attention weight matrix 4 is weighted and summed with the value vector
V to obtain the final attention representation A:

A= softmax(%]g j -V, (8)

where A is the attention weight of each time step to the other time steps, and \/E is a scaling factor
to prevent the gradient from disappearing.

In order to enhance the model’s ability to capture multi-level attention subspace information,
transformer introduces the multi-head attention mechanism. The advantage of the latter is that it
allows model to parallelize the modeling of elements in the sequence from multiple perspectives, and
different attention heads can focus on different feature patterns of the input sequence, thus mining
the contextual information in a more comprehensive way. The computational process can be repre-
sented as follows:

head; = Attention (QW].Q ,K WjK , VW].V ); 9)
MultiHead (Q, K, V') = Concat (head,, ..., head, )", (10)

where j = 1, 2, ..., h and j is the number of heads.

Feature attention mechanism

In multidimensional time series data, there are often important correlations and differences be-
tween multiple features. Traditional time series modelling approaches pay fixed attention to individual
features, making it difficult to capture the important impact of key features on the forecasting task.
In order to better portray these differences, this paper introduces the Feature Attention Mechanism
(FAM), which aims to assign higher weights to important features to enhance the model’s ability to
perceive critical information.

Suppose the input time series is denoted as X = [x,, x,, ..., x,]. For any time-step #, the FAM first
performs average pooling along the time dimension for all time-steps to capture the global feature
performance. The computational expression for this process is:

X=X (11)
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where X € R®¥ is the global average representation of each feature over the whole time series. In
this paper, we extract a total of 13 dimensional features, so F'is 13. Then, the feature dimensions are
compressed by nonlinear mapping and the intermediate feature Z is reconstructed using feedforward
network to obtain the attention weight 4. The computation process is as follows:

Z =ReLU (WX +b,); (12)
A=c(W,Z+b,), (13)

where W1 and W2 are the weight matrices, b1 and b2 are the bias terms, and ¢ is the Sigmoid activation
function.

Finally, in order to be consistent with the dimension of the input vectors, the attention weights 4
are dimensionally extended and the attention weighting operation is performed with the original fea-
tures, and the output of the FAM is computed as follows:

X'=X0d, (14)

where A’ is the expanded attention weight, ) is the elemental multiplication, and X" is the feature-
weighted output.

Prediction process of rolling bearing RUL based on TFCA-GRU

Step 1: The vibration signal is collected by industrial equipment to obtain the original time series
data.

Step 2: Based on the feature extraction methods in time and frequency domains, the vibration
signals are analyzed and converted into multi-dimensional features to generate the time-frequency
domain fusion feature matrix.

Step 3: The processed data set is divided into training set and test set, and the training set is input
into the constructed TFCA-GRU network model for multiple iterations optimization, to gradually
learn the deterioration law of the equipment and generate the final RUL prediction model.

Step 4: Input the test set into the trained model to complete the accurate prediction of the RUL
of rolling bearings.

Experiments and results analysis

The model modelling and experimental tests in this paper are developed based on the PyTorch
DL framework using Python version 3.11. The development environment is PyCharm 2023. The
experimental hardware configuration is Intel Xeon(R) Platinum 8352 CPU and NVIDIA GeForce
RTX 4090 GPU.

Dataset and data preprocessing

In this article, the IEEE PHM 2012 Prognostic Challenge dataset [15] and the XJTU-SY dataset
[16] will be used for experimental testing. The working conditions of the dataset and the division of
the dataset are shown in Table 1.

The IEEE PHM 2012 Prognostic Challenge dataset was collected from the PRONOSTIA plat-
form, which has been widely used in many equipment residual life prediction studies. The platform
consists of a rotary drive system, radial loading device and measurement system, and is capable of
simulating the degradation process of rolling bearings under real operating conditions. The vibration
signals are collected at a sampling frequency of 25.6 kHz, and data segments of 0.1 second duration
are recorded every 10 seconds, which is equivalent to 2560 sampling points per segment. When the
amplitude of the monitored vibration exceeds 20 G, the experiment is judged as bearing failure and
terminated. In this paper, the training set is used in strict accordance with the official classification
scheme, and the rest of the bearing data is used as the test set.
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Table 1
Running conditions and experimental setup for the dataset

Datasets Operating conditions Training dataset Test dataset
. Bearingl_3, Bearingl_4,
1800 rpm, 4 kN Bear}ngl_l Bearingl_5, Bearingl_6,
Bearingl_2 ;
IEEE PHM 2012 Bearingl 7
Prognostic Challenge . Bearing2_3, Bearing2_4,
Bearing2 1 Lo Lo
1650 rpm, 4.2 KN . Bearing2 5, Bearing2 6,
Bearing2 2 ;
Bearing2 7
2100 rpm, 12 KN Bear%ngl_l Bearmgl_3., Bearingl_4,
Bearingl 2 Bearingl 5
XITU-SY Bearing2_| Bearing2_3, Bearing2_4
earing2 earing2_3, Bearing2_4,
2250rpm, ITkN Bearing2 2 Bearing2 5

The XJTU-SY dataset is based on a highly integrated bearing life test platform, which includes a
motor system for controlling the rotational speed, a hydraulic control device for loading, and an array
of multi-channel vibration sensors for real-time acquisition of vibration signals during operation.
The platform supports flexible adjustment of radial load and rotational speed to simulate bearing
degradation under different operating conditions. The data is collected at a sampling frequency of
25.6 kHz, with complete samples taken every 1.28 seconds, each containing 32768 consecutive data
points, providing high-resolution, long-period vibration sequences for subsequent failure modelling
and remaining life prediction.

Furthermore, the 13 time-domain and frequency-domain features were extracted from the vibra-
tion signals of the dataset species. The time-domain features included kurtosis, mean, variance, skew-
ness, peak vibration, root-mean-square vibration, pulse factor, crest factor, and peak factor, while the
frequency-domain features covered entropy, fractal dimension, energy ratio, and spectral flatness.

Assessment metrics and comparison algorithms

In the field of RUL prediction, the following three methods are commonly used to assess the predic-
tion performance of the model [17, 18]:

1) Root Mean Square Error (RMSE),

2) Mean Absolute Error (MAE),

3) scoring function (Score) and R-Square (R?) [19].

The three assessments are calculated as follows:

RMSE = [~ (3, -3, : (15)

n i=1

MAE=23 |5 -,

n i=1

; (16)

i
Ny _RoreRirue

dle " -1, R, <R

true

Score = o ; (17)
_Rpre ~Rirge

Yle 1 -1, R >R

true
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where 7 is the number of samples, y, and y; are the actual and predicted RUL values at the i-th mo-
ment, y is the actual RUL mean, and N2 is the total number of test samples. Generally, lower values
of RMSE and MAE indicate better performance of the model. The closer the value of R? is to 1 indi-
cates higher prediction accuracy of the model.

In order to demonstrate the superiority of the proposed TFCA-GRU, five representative baseline
RUL prediction methods are used in this paper to compare the RUL prediction effectiveness, as
well as to compare the evaluation data with the current novel RUL prediction methods. The baseline
methods include CNN, LSTM, CNN-LSTM, CNN-Transformer, and the novel methods include
MSCNN [20], TCN-SA [21], DCTCN [22], DSCN [23].

Experiment 1: PHM 2012 dataset

The RUL prediction results of the proposed TFCA-GRU with the baseline model are illustrated in
Fig. 2. Firstly, from the prediction curves, the proposed model can track the actual RUL degradation
trend stably under all four operating conditions, and shows good dynamic response capability in both
the initial and termination stages of degradation. In contrast, the baseline approach exhibits different
degrees of drift and prediction lag under several scenarios, which is difficult to accurately reflect the
system degradation evolution. In the box-and-line plot, TPCA-GRU shows the smallest median pre-
diction error and small distribution variance in all scenarios, and the fewest outliers, which reflects its
advantages of prediction stability and robustness.

The evaluation data of the proposed TFCA-GRU with the novel models on the PHM 2012 dataset
are shown in Table 2. From the overall trend, TFCA-GRU significantly outperforms the other four
models in terms of MAE and RMSE metrics under all data scenarios, showing strong consistency
and robustness. In addition, a side-by-side comparison between the models shows that although the
SCTCN, DSCN and TCN-SA models perform the best MAE and RMSE metrics in multiple scena-
rios, they exhibit unstable prediction and large error fluctuations in cross-case conditions.

Bearingl_3 Bearingl_6

oo £ g T ED g ey ED

Fig. 2. Comparison of the prediction results for the four working conditions in the PHM 2012 dataset
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I
Table 2
Performance comparison on PHM 2012 dataset
MSCNN TCN-SA SCTCN DSCN TFCA-GRU

MAE RMSE MAE RMSE MAE RMSE MAE RMSE MAE RMSE
1-3 0.078 0.096 0.066 0.085 0.098 0.121 0.071 0.085 0.035 0.041
1-4 0.015 0.180 0.103 0.139 0.130 0.149 0.084 0.108 0.037 0.045
1-5 0.089 0.151 0.086 0.126 0.163 0.222 0.087 0.146 0.051 0.040
1-6 0.105 0.149 0.084 0.116 0.178 0.221 0.084 0.112 0.030 0.042
1-7 0.106 0.147 0.089 0.125 0.084 0.109 0.089 0.121 0.044 0.057
2-3 0.269 0.325 0.191 0.232 0.110 0.216 0.191 0.238 0.024 0.042
2—-4 0.185 0.226 0.091 0.129 0.117 0.145 0.257 0.298 0.021 0.030
2-5 0.137 0.176 0.192 0.222 0.189 0.221 0.131 0.171 0.034 0.074
2—6 0.103 0.126 0.08 0.098 0.092 0.115 0.101 0.130 0.031 0.047
2-7 0.241 0.351 0.196 0.230 0.167 0.195 0.216 0.255 0.019 0.022

Experiment 2: XJTU-SY dataset

The RUL prediction result plots of the proposed TFCA-GRU with the baseline model are illus-
trated in Fig. 3. From the time-series prediction curves, traditional deep models such as CNN and
LSTM have obvious lagging or advancing phenomena, especially in the early and late stages of deg-
radation, with the largest prediction deviation. The proposed model is able to closely track the degra-
dation trend of the real RUL decreasing over time, especially in Bearingl 3 and Bearing2 5, where
its prediction curves almost overlap with the real curves, indicating its strong ability to capture the
degradation features. As seen from the boxplots, the proposed model shows the smallest median error,
narrower error intervals, and very few outliers in all four subplots, which indicates that its predictions

are not only accurate but also stable.

Bearingl 3

Bearingl 4

Bearing2 3

)
)

{111

Fig. 3. Comparison of the prediction results of the four operating conditions on XJTU-SY dataset
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The evaluation data of the proposed TFCA-GRU and the new model on the XJTU-SY dataset are
presented in Table 3. It can be seen that the MAE and RMSE values of TFCA-GRU are significantly
better than the other models in both working conditions. Compared with the other models, TCN-SA
and DSCN, although better in some indicators, are difficult to maintain a stable advantage under
multiple operating conditions.

Table 3
Performance comparison on XJTU-SY dataset

MSCNN TCN-SA SCTCN DSCN TFCA-GRU
MAE RMSE MAE RMSE MAE RMSE MAE RMSE MAE RMSE
1-3 0.227 0.262 0.120 0.139 0.114 0.133 0.092 0.104 0.083 0.110
2-3 0.086 0.104 0.092 0.118 0.160 0.191 0.094 0.118 0.063 0.086

Ablation experiment

The ablation models are set up as GRU, TA-GRU with the introduction of temporal attention,
FA-GRU with the introduction of feature attention, and TFCA-GRU.

The prediction curves of the ablation model in XJTU-SY Bearing2 5 are illustrated in Fig. 4. It
can be seen that the prediction curve of TFCA-GRU basically coincides with the real RUL, which
fully demonstrates the effectiveness of the joint time-feature modelling. Compared with other models,
TFCA-GRU is able to extract the key dependencies in the degraded signals more comprehensively,
thus achieving higher accuracy and more robust life prediction.

The comparison of the comprehensive evaluation of the models is demonstrated in Table 4. GRU
performs relatively poorly on all metrics, showing its limited predictive performance when no at-
tention mechanism is introduced. In contrast, TFCA-GRU has the best overall performance on all
metrics. Therefore, this justifies TFCA-GRU.

Table 4
Performance comparison of ablation models
Ablation models R2 RMSE MAE Score
GRU 0.954 0.058 0.148 1.404
TA-GRU 0.987 0.037 0.033 0.885
FA-GRU 0.971 0.046 0.037 1.109
TFCA-GRU 0.991 0.031 0.026 0.779

Model interpretability analysis

First, we compare and analyze the effect of its temporal attention on the model’s time-awareness
ability, and Fig. 5 demonstrates the heat map of attention in the temporal dimension. TFCA-GRU
presents obvious non-uniformity, and the model is able to dynamically distribute the degree of atten-
tion at different time steps, which significantly enhances the ability of identifying the key degradation
phases; whereas the GRU model has a more uniform distribution of attention, and lacks the ability of
efficiently capturing the important timing information is effectively captured.

Meanwhile, Fig. 6 demonstrates the distribution of the model’s attentional weights on feature
dimensions. GRU has a relatively even distribution of weights across feature dimensions, and the
model lacks differentiation of the importance of input features. TFCA-GRU attentional distributions
show significant differences, with some feature dimensions (e.g., indexes 0, 10, etc.) obtaining higher
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Fig. 4. Comparison of predictions from ablation models
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weights, suggesting that the model is capable of adaptively identifying and reinforcing the features that
are most relevant to the trend of degradation.

In this study, we proposed TFCA-GRU, a temporal and feature cooperative attention-based gated
recurrent unit framework for the prediction of the rolling bearings RUL under variable operating con-
ditions. The model addresses two core challenges in industrial prognostics: the difficulty of capturing
long-term temporal dependencies and the inability of conventional models to distinguish between
informative and irrelevant sensor features.

Conclusions and further work

By incorporating MTAM and FAM into the GRU architecture, TFCA-GRU is capable of dynam-
ically focusing on degradation-critical time steps and sensor dimensions. This joint attention design
enhances the model’s ability to learn representative patterns from multidimensional time-frequency
fusion data while preserving computational efficiency. Unlike traditional GRU-based or hybrid deep
models that rely heavily on handcrafted preprocessing or suffer from scalability issues, TFCA-GRU
offers a unified and interpretable solution.

Comprehensive experiments on two public datasets — IEEE PHM 2012 Prognostic Challenge and
XJTU-SY — demonstrated that TFCA-GRU consistently outperforms baseline and state-of-the-art
models in terms of prediction accuracy, robustness, and generalization across working conditions. Ab-
lation studies confirmed the effectiveness of each attention component, and visualization of attention
distributions further illustrated the model’s capacity to highlight key temporal intervals and dominant
features, thereby improving transparency and trustworthiness in critical applications.

Overall, TFCA-GRU provides a practical and extensible framework for data-driven RUL predic-
tion under complex and non-stationary degradation scenarios. Future research will focus on further
reducing the model’s computational overhead, exploring domain adaptation techniques to improve
cross-machine transferability, and extending the framework to other types of mechanical components
and multi-sensor fusion settings.
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Abstract. Survival analysis is critical for modeling time-to-event data across medicine,
engineering, and economics. The Beran estimator serves as an efficient nonparametric tool for
estimating conditional survival functions under censoring. However, the conventional Beran
estimator relies on the Euclidean distance for kernel weighting, a metric that fails to account for
heterogeneous scales and correlations among covariates. This limitation can result in suboptimal
weighting when features exhibit multicollinearity or varying measurement units. To address this,
we propose the M-Beran estimator, a generalized formulation that incorporates the Mahalanobis
distance into the kernel smoothing scheme. This modification ensures scale invariance and
leverages the underlying correlation structure of the feature space, transforming the kernel into
an elliptically symmetric form. We evaluate the proposed method through numerical experiments
on real-world survival datasets. Results demonstrate that the M-Beran estimator outperforms the
conventional Euclidean-distance-based Beran estimator, offering improved predictive accuracy.
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= lev.utkin@gmail.com

AHHOTanusa. AHAJIN3 BbDKMBAEMOCTU MMEET pellaioliee 3HaueHue ISl MOACIUPOBaHUS JaH-
HBIX O BpeMEHHU 10 HACTYIJIEHUSI COOBITUS B MEAMILIMHE, MHXEHEPUU U d3KOoOHOMUKe. OlleHKa
Bepana cayxut 3¢ GeXTUBHBIM HelapaMeTPUIECKUM MHCTPYMEHTOM [IJIsI OLIEHKHW YCIIOBHBIX
GYHKIMI BEDKMBAEMOCTH TIPU LIEH3YPUPOBAHHBIX JaHHBIX. OMHAKO cTaHmZapTHas olleHKa be-
paHa OCHOBaHa Ha €BKJIMIOBOM PACCTOSHUM IJIST B3BCIIMBAHUS SIACP — METPHUKE, KOTOpast He
YUIUTBHIBACT pa3INUMe B MacIITadax MpU3HAKOB M KOPPESIIINN MEXITy HUMUA. DTU OTrpaHNICHUS
MOTYT MPUBECTU K HEONTUMAJIbHOMY B3BEIIMBAHMIO, KOTIA MPU3HAKU JEMOHCTPUPYIOT MYJb-
TUKOJUIMHEAPHOCTh WJIM Pa3iMUHbIe eNUHUIIbI U3MepeHUs. s peleHust 3Toi MpoOaeMbl Mbl
npeanaraeM oueHky M-bepaHa — 00001IeHHYI0 (DOPMYJIUPOBKY, KOTOpasl BKJIIOYaeT paccTo-
ssHue MaxajlaHobuca B cXeMy CIyIaxkMBaHUs siiep. DTa Moaudukalus odecrieunBaeT MUHBapU-
aHTHOCTb K MAacINTady JAaHHBIX M WCIOJb3YeT JICXKAIIyI0 B OCHOBE KOPPEISIUOHHYIO CTPYK-
Typy IIPOCTPAaHCTBA IPU3HAKOB, IPeodpasysd SApPO B SJUIMITHUICCKA CUMMETPUIHYIO (POpPMY.
MpbI onileHHMBaeM TPEAT0XKEHHBIN METO ¢ TOMOIIBIO YUCICHHBIX 9KCIIEPUMEHTOB Ha peabHBIX
Habopax JaHHBIX BpeMeH 10 coObITHil. Pe3ynbraThl MOKa3bIBaloOT, YTO olieHKa M-bepaHa mpe-
BOCXOIUT TPaAWIIMOHHYIO OLIEHKY bepaHa Ha OCHOBE €BKIMIOBA PAaCCTOSTHUSI, 00ecIieunBast
0o0J1ee BHICOKYIO TOYHOCTD ITPeACKa3aH .

KiroueBbie ciioBa: MalllMHHOE OOydyeHUME, aHAIN3 BBKMBAEMOCTHU, olleHKa bepaHa, paccrosiHue
Maxanano6uca, C-uHaekc, YHKILUS BbIXKMBAEMOCTU

®unancupoBanmne: lcciemoBaHue BBHIITOJHEHO NpU (DMHAHCOBOM IOAIep:KKe MHMHHCTEpCTBa
HayKW U BbIclIero obpasoBanusi Poccuiickoit Depepalinu B paMKax rocylapcTBEHHOTO 3aIaHus
«Pa3paboTka M ucciaenoBaHue MoIeeii MallIMHHOTO OOyYeHUs sl pelleHus (hyHIaMEHTab-
HBIX 3aJay MCKYCCTBEHHOTO WHTEJJIEKTa B TOILIMBHO-3Hepretnyeckom Komiuiekce» (FSEG-
2024-0027).

Jlna murupoBanms: Utkin L.V., Konstantinov A.V., Kirpichenko S.R., Survival analysis using Ma-
halanobis distance in Kernels of the Beran estimator // Computing, Telecommunications and
Control. 2026. T. 19, Ne 2. C. 31—43. DOI: 10.18721/JCSTCS.19203

Introduction

Survival analysis, the statistical study of time-to-event data, is essential across diverse fields [1—4].
It guides clinical trials and disease modeling in medicine, predicts system failure in engineering, and
assesses churn or turnover in economics, social sciences, and marketing. Characterized by censoring,
where events may be unobserved, this data complexity motivates the continued development of robust
estimation methods. Among the most fundamental tools for flexible survival analysis is the Beran esti-
mator [5]. Given a set of censored survival times and a vector of covariates, the Beran estimator pro-
vides a nonparametric estimate of the conditional survival function (SF) by applying kernel smoothing
directly to the observed events and censoring processes. Its appeal lies in its ability to model complex,
nonlinear relationships without imposing restrictive parametric assumptions such as proportional haz-
ards [6], making it particularly valuable in applications where the underlying mechanisms are poorly
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understood or where standard models fail. The estimator’s formulation relies on a kernel function that
assigns weights to neighboring observations based on their proximity in the feature space, typically em-
ploying the Euclidean distance.

Despite its flexibility, the conventional Beran estimator inherits a fundamental limitation from its re-
liance on the Euclidean metric. In practical applications, covariate vectors often exhibit heterogeneous
scales, complex correlations, and multicollinearity — features that the Euclidean distance is ill-equipped
to handle. Consider, for instance, a clinical study of cancer survival where covariates include tumor
size (measured in millimeters), patient age (in years), and multiple correlated biomarkers; in engineer-
ing reliability, correlated sensor measurements from a monitoring system. In each case, the Euclidean
metric treats each covariate dimension independently and equally. Moreover, it ignores the underlying
correlation structure of the covariate distribution, which can lead to suboptimal weighting: two patients
who appear similar in Euclidean terms may, in fact, be statistically dissimilar if they deviate from the
dominant correlation patterns of the biomarker panel, potentially compromising the accuracy of survi-
val predictions that inform critical clinical decisions.

A solution to these challenges lies in replacing the Euclidean distance with the Mahalanobis dis-
tance [7].

The Mahalanobis distance offers several advantages that are directly relevant to real-world survival
analysis applications. First, it is scale-invariant, automatically accounting for differences in measure-
ment units, whether tumor size in millimeters, gene expression on a log scale, or sensor voltages in
engineering systems, and eliminating the need for separate bandwidths per covariate. Second, and more
importantly, it incorporates the correlation structure of the data, so that distances are measured in terms
of statistical fluctuations rather than raw coordinate differences. Observations that lie along directions
of high variance are considered closer, while those that deviate against the correlation structure are
appropriately penalized. This property is valuable in applications with redundant or highly correlated
predictors, such as the analysis of multiple clinical biomarkers, correlated survey responses in social
science event history studies, or multi-sensor reliability data.

In the context of kernel-based nonparametric estimation, substituting the Euclidean distance with
the Mahalanobis distance transforms the kernel from a product of independent univariate kernels into
a single, elliptically symmetric kernel defined on the standardized and decorrelated feature space. This
simple modification carries profound implications for applied survival analysis. It can help to maximize
the predictive performance of the Beran estimator, such as by maximizing the conditional likelihood of
the observed survival times. While the original Beran estimator and its theoretical properties have been
extensively studied [5, 8, 9], the systematic incorporation of the Mahalanobis distance into its kernel
structure remains relatively underexplored.

The Mahalanobis distance attracts attention in tasks of survival analysis. For example, a nonparamet-
ric weighting approach was proposed in [10], which balances the covariates between treatment groups by
Kernel Mean Matching (KMM) with the Mahalanobis distance kernels. A linear-mixed effects mod-
el and the Cox model for survival time are considered in [11, 12], where the Mahalanobis distance is
used to detect outliers in survival data. In [13], a Moving Multivariate Distance (MMD), based on the
Mahalanobis distance, was proposed to quantify the variability of the multivariate biomarker profile as
a whole from one visit to the next. In [14], flexible machine learning models were evaluated, capable
of incorporating interactions and nonlinear effects from high-dimensional data using the Mahalanobis
distance to estimate individualized treatment recommendations in trials with time-to-event outcomes.
In [15], a method was proposed to match each untreated patient with the nearest treated patient based
on the Mahalanobis distance between patient characteristics.

Techniques based on the Mahalanobis distance and applied in different fields of chemometrics such
as in multivariate calibration, pattern recognition and process control are explained and discussed in
[16]. The most important application of the Mahalanobis distance is related to out-of-distribution
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detection and outlier detection [17—20]. Application of the Mahalanobis distance to a k-means clus-
tering algorithm was studied in [21]. In [22], it is proposed using a Mahalanobis distance metric for
computing the attention weights to stretch the underlying feature space in directions of high contextual
relevance.

However, to the best of our knowledge, at the moment, no approach is known that incorporates the
Mahalanobis distance to the Beran estimator. Therefore, following [22], we propose a generalized Beran
estimator that incorporates the Mahalanobis distance into its kernel weighting scheme. We called the
proposed model as the M-Beran estimator. Through real data, it is shown that the M-Beran estimator
outperforms the conventional Beran estimator, using the Euclidean distance.

Background

The Mahalanobis Distance

The Mahalanobis distance is a measure of distance that accounts for the scale and correlation struc-
ture of multivariate data [7]. Unlike the Euclidean distance, which treats all dimensions independently,
the Mahalanobis distance provides a metric that is invariant to affine transformations of the covariate

T
p) be a p-dimensional random vector with mean vector pu =& [X ] and posi-
tive-definite covariance matrix

space. Let X:(xl,...,x

M =Cov(X)=B| (X -p)(X -n)" |

For two vectors x, y € R?, the squared Mahalanobis distance is defined as

d;, (x,y)=(x—y)T M (x-y).

When comparing an observation x to the population mean p, the squared Mahalanobis distance
simplifies to

diy (x.p) = (xx-p) M7 (xx-p).

The Mahalanobis distance possesses several properties that make it particularly attractive for statis-
tical applications. In practice, the population parameters p and M are unknown and can be estimated
from data.

Concepts of Survival Analysis

Unlike standard regression settings, survival data are characterized by the presence of censoring,
which occurs when the event of interest is not observed for some subjects during the study period [23].
Let 7> 0 denote a non-negative random variable representing the survival time, the time until the oc-
currence of the event of interest. The SF S(¢) is defined as the probability that an individual survives
beyond time #: S(#) = P(T > t). Due to censoring, the exact survival time may not be observed for a part
of individuals. The most common form is right censoring, where the study ends before the event oc-
curs or the individual is lost to follow-up. Let C denote the censoring time, and define the observed
time Y = min(7, C) and the censoring indicator & = ]I(T <C ), where 0 = 1 indicates that the event
was observed and 6 = 0 indicates censoring.

When no covariates are present, the SF S(¢) is nonparametrically estimated by the Kaplan-Meier
estimator [24]:

SKM(t): H _i >

()<t r;
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where dj is the number of events at time t(j); g is the number of individuals at risk just before time t(i),
i.e., the number of individuals with ¥ > t(j). A
In most applications, interest lies not in the marginal survival distribution but in how survival de-

pends on covariates X € R”. The conditional SF is defined as
S(t|x) = ]P’(T > t|X = x).

Parametric approaches assume a specific functional form for S(# | x), most notably the Cox propor-
tional hazards model [6]. While the Cox model is widely used due to its interpretability and computa-
tional convenience, its proportional hazards assumption may be violated in practice. Nonparametric al-
ternatives, such as the Beran estimator, offer greater flexibility by avoiding such parametric restrictions.

The Beran Estimator

The Beran estimator [5], also known as the conditional Kaplan-Meier estimator, provides a non-
parametric estimate of the conditional SF S(7 | x) using kernel smoothing. It extends the Kaplan-Meier
estimator to incorporate feature information by weighting observations according to their proximity in
the feature space.

If our goal is to estimate SF S(7 | x,) for a feature vector X, then observations with feature values
close to x,, should receive greater weights than those far away, as they provide more relevant informa-
tion about the conditional distribution. The Beran estimator allows us to extend the Kaplan-Meier
estimator for accounting this idea.

Let (x, 8, ), i =1, ..., n, be instances from the dataset, where ¢, = min (7, C) and 8, = ]I(Y: < Ci).
We assume that £, <7, <..<{ is an ordered sequence of times. Define a kernel function K : R? — R
with bandwidth parameter T > 0 of the kernel. The kernel assigns higher weights to observations with

x, close to a target feature vector x. The Beran estimator of the conditional SF S, (t |x) is defined as:

9

) - ~ Ot(xaxwr)
S, (t|x)—g 1 I—Zijla(x’xf’r)

where the weight a(x, x,, T) can be defined through kernels as
K(x,x,7)
Zj.;lK(x,xj,t)

In particular, the “softmax” operation with a parameter T is obtained when the Gaussian kernel is
used, i.e., there holds

o(x,x,1)=

2
a(x,xi,r) = soﬁmax(— i ]
T

The practical performance of the Beran estimator critically depends on the choice of bandwidth T.
Cross-validation methods are commonly employed to optimize the model parameter 7.

While the Beran estimator with product kernel is widely used, its reliance on the Euclidean metric
imposes several limitations. First, it assumes that the influence of each feature is separable and that fea-
tures are independent in the distance calculation. As a results, the Euclidean metric ignores correlations
among features, which can lead to suboptimal weighting in the presence of multicollinearity. Second,
it is sensitive to differences in scale: features with larger magnitudes dominate the kernel weights unless
carefully standardized. These limitations motivate the extension to the M-Beran estimator.
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The M-Beran Estimator

The methodological core of our work is the incorporation of the Mahalanobis distance into the ker-
nel weighting scheme of the Beran estimator. It is proposed to replace the Euclidean distance in the
kernel functions of the Beran estimator with the Mahalanobis distance.

Let M be a positive-definite covariance matrix and T > 0 the bandwidth parameter. The M-Beran
estimator of the conditional SF S(¢ | x) is:

i
. (XM (x,X~,r)
= 1_ [
Sn (t|x) }_S[t l_zlj_:llaM (x’xj,r) 9

where aM(x, X, T) is a weight determined by the Mahalanobis distance from the target feature vector x
to each observation’s feature vector and determined for the Gaussian kernel as

d: (x,x,
o(x,x;,7) = softmax —M )
T
Given a sample X5 X, WE first estimate the mean vector of features [i:

:le

n
Second, the sample covariance matrix M is estimated using the mean vector as:

W =— % (x,— ) (x - R).

n—1x=

—

In high-dimensional settings where p > n, M becomes singular, requiring regularization techniques.
The next step is to compute the matrix M~ by inverting the matrix M. The matrix M in high-dimen-
sional settings where p > n, may be not invertible. In this case, regularization can be used as follows:

were where € is a small positive number, and I is the identity matrix.
Then we compute the Mahalanobis distance as:

d2 (x,%,)=(x, ) M~ (x,— ).

The M-Beran estimator operates as follows: at each distinct event time tj, we compute a kernel-
weighted proportion of events, where the weights are determined by the Mahalanobis distance. Obser-
vations with x, close to X in the Mahalanobis sense receive higher weight. The product of one minus
these weighted proportions over all failure times up to 7 yields the estimated conditional survival
probability.

The Mahalanobis distance generalizes the Euclidean distance, namely, if M is a diagonal matrix

M = diag(crl2 ,...,O'i), i.e., its diagonal consists of variances of individual features (M = diag(csl2 ,

ey Gf, )) and other elements are zero, then the Mahalanobis distance is equal to the standardized Eu-
clidean distance.
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Numerical results

To compare the M-Beran estimator with the standard Beran estimator, which uses the Euclidean
distance in kernels, the following real benchmark datasets were used:

* Veterans’ Administration Lung Cancer Study (Veferan) Dataset: 137 observations, 6 features;

* Breast Cancer Dataset: 198 observations, 80 features;

* Lung Cancer Dataset: 228 observations, 9 features;

* German Breast Cancer Study Group 2 (GBSG?2) Dataset: 686 observations, 8 features;

* Monoclonal Gammopathy (MGUS) Dataset: 1384 observations, 5 features;

» Diabetic Retinopathy Dataset: 394 observations, 9 features;

* Ovarian Cancer Survival Data (Ovarien): 26 observations, 4 features.

* Chronic Granulomatous Disease (CGD) Dataset: 203 observations, 16 features.

In order to optimize the model temperature parameters T of the estimators, we perform a 5-fold
cross-validation on the training set. The cross-validation is performed with 100 repetitions. This proce-
dure is realized by considering all possible values of T in a predefined grid. The models are implemented
by using the R software with the main R package “survival”.

Table 1 presents a comparative analysis of the Mahalanobis-based Beran estimator (M-Beran) ver-
sus the standard Beran estimator across eight real survival datasets, using the C-index as the evaluation
metric. The M-Beran estimator outperforms the standard Beran estimator on six out of eight datasets,
demonstrating the general effectiveness of incorporating Mahalanobis distance into kernel-based sur-
vival estimation. The M-Beran achieves its highest C-index on the datasets which likely contain mean-
ingful correlation structures among features that the Mahalanobis distance effectively captures. We can
also note that the dataset Breast Cancer with the worse C-index of the M-Beran estimator has the large
number of features (80 features) in comparison with other datasets, which may affect the estimation of
the covariance matrix. The results indicate that the Mahalanobis distance is a valuable enhancement
to the Beran estimator. The negative result on the Breast Cancer dataset serves as an important caveat,
highlighting that the method is not universally superior and that the choice of distance metric should
be guided by the underlying data structure.

Table 1
Results of comparison using the C-index metric for the M-Beran estimator
with the standard Beran estimator on real datasets

Dataset Standard Beran M-Beran Difference

Veteran 0.706 0.713 0.007
Breast Cancer 0.517 0.463 —0.054

GBSG2 0.513 0.523 0.01
Retinopathy 0.582 0.588 0.006

MGUS 0.724 0.742 0.018
Lung Cancer 0.646 0.668 0.022

Ovarien 0.774 0.798 0.024

CGD 0.583 0.724 0.141

In order to illustrate the difference in SFs predicted by the standard Beran estimator and the M-Be-
ran estimator for the Veferan dataset, we show the corresponding SFs in Fig. 1, where SFs of the stand-
ard Beran estimator are depicted by solid lines, SFs of the M-Beran estimator are depicted by dashed
lines. The left graph corresponds to the patients with: Karnofsky score — 90, Cell type — Squamous,
Age — 55, Treatment — Standard, Prior therapy — No. The right graph corresponds to the patients with:
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Fig. 1. SFs predicted by the standard Beran estimator and the M-Beran estimator
for two patients from the Veteran dataset
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Fig. 2. SFs predicted by the standard Beran estimator and the M-Beran estimator
for two patients from the Lung Cancer dataset

Karnofsky score — 40, Cell type — Adenocarcinoma, Age — 70, Treatment — Test, Prior therapy — Yes. It
can be seen from Fig. 1 that the M-Beran estimator corrects SFs in accordance with the patient features.

Similar SFs of two patients from the Lung Cancer dataset are shown in Fig. 2. The left graph details
a 55-year-old female with favorable health metrics, where the M-Beran estimator predicts a medi-
an survival of 588 days, nearly double the standard Beran model’s 292 days. In this first scenario, the
blue dashed line stays consistently higher than the orange line, indicating a superior predicted survival
probability for the M-Beran approach. The right plot shows a 75-year-old male with poorer health in-
dicators, where the M-Beran estimator again forecasts a longer median survival of 740 days compared
to the standard model’s 511 days. While the overall SF drops more rapidly for the second patient, the
M-Beran estimator consistently estimates better outcomes than the standard Beran estimator in both
distinct cases.

Fig. 3 illustrates the relationship between instances in the Veteran (the left graph) and Lung Cancer
(the right graph) datasets by using the well-known procedure of the dimensionality reduction called
t-SNE [25].

One can see from Fig. 3 that instances in the both datasets are highly correlated. This implies that
the M-Beran estimator provides better results than the standard Beran estimator. The same can be seen
from Table 1.

Fig. 4 shows the same relationship between instances in the Breast Cancer dataset. As a result, the
standard Beran estimator outperforms the M-Beran estimator as it is also follows from Table 1.
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It is interesting to note that the M-Beran estimator performance depends also on the kernel type. For
example, let us consider the triangular kernel defined as follows:

K(u)= max(0,1—|u|).

Hence, the weight a in the M-Beran estimator is

max(O,l—dfl (x,xi)/r) .
z;;lmax(O,l—dé (x,xj)/r)

o(x,x,1)=

The use of this kernel significantly improves the M-Beran estimator performance for the Veteran
dataset. The C-indices in this case for the standard Beran and M-Beran estimators are 0.582 and 0.724,
respectively. At the same time, results for the Lung Cancer dataset (0.525 and 0.497) demonstrate de-
terioration in accuracy characteristics. This implies that the performance of the M-Beran estimator
depends on many parameters, including the kernel type.

Discussion

Advantages
In the context of survival analysis, particularly when using nonparametric methods like the Beran
estimator, the choice of distance metric is critical because it dictates how “similarity” between patients
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or systems is defined. The Mahalanobis distance is important in survival analysis for the following key
reasons:

1. Survival datasets often contain features measured in vastly different units (e.g., age in years, tumor
size in millimeters, gene expression on a log scale, or sensor voltage). The Euclidean distance is sensi-
tive to the scale of measurement. A variable with a large range will dominate the distance calculation
over a variable with a small range, even if the latter is more predictive of survival. By incorporating the
covariance matrix, it automatically standardizes the variables, ensuring that each covariate contributes
appropriately to the distance metric regardless of its original unit or magnitude. This eliminates the need
for arbitrary manual standardization or tuning separate bandwidths for each covariate.

2. In many survival applications (e.g., genomics, multi-sensor engineering monitoring), covariates
are highly correlated. The Euclidean distance assumes orthogonality between dimensions. When two
biomarkers are closely related, Euclidean distance counts the same information twice, making the sim-
ilarity calculation inaccurate. The Mahalanobis distance accounts for the correlation structure of the
data. It measures distance in terms of standard deviations from the mean, penalizing deviations that go
against the natural correlation pattern of the data. This ensures that redundant information does not
artificially inflate the similarity between observations.

3. Nonparametric survival estimators like the Beran estimator rely on kernel smoothing, where ob-
servations closer to the target vector x receive higher weights. Using Euclidean distance creates “spher-
ical neighborhoods”. In a correlated feature space, a spherical neighborhood may include observations
that are statistically dissimilar while excluding those that are relevant but lie along a correlated axis.
The Mahalanobis distance creates “elliptically symmetric neighborhoods” aligned with the data density.
This ensures that the kernel weights are assigned to observations that are truly statistically similar, lea-
ding to a more accurate estimation of the conditional SF S(z | X = x).

4. Survival data is characterized by censoring, meaning information about the event time is missing
for some subjects. This makes the effective sample size smaller and the estimation problem harder. Be-
cause censored data provides less information, it is crucial to maximize the utility of every uncensored
neighbor. A superior distance metric ensures that the few available relevant neighbors are identified
correctly. By reducing bias in neighbor selection, the Mahalanobis distance helps produce more stable
survival curves even when data is sparse due to heavy censoring.

Challenges and disadvantages

While the Mahalanobis distance offers significant advantages over the Euclidean distance in handling
scale and correlation, it also introduces specific challenges and disadvantages in the context of survival
analysis:

1. The Mahalanobis distance requires the inversion of the covariance matrix M. In modern surviv-
al analysis, the number of features p often may exceed the number of observations n. When p > n, the
covariance matrix is singular and cannot be inverted. Even when p < n, if features are nearly collinear,
the matrix becomes ill-conditioned, leading to numerical instability and unreliable distance calcula-
tions. This requires regularization techniques which introduce additional tuning parameters.

2. The Mahalanobis distance relies on the sample mean and sample covariance matrix, both of
which are highly sensitive to outliers. In survival data, extreme values can disproportionately skew the
covariance estimate. This “masking effect” can cause the distance metric to shrink around the outliers,
making actual outliers appear normal and distorting the kernel weights for the majority of observations.
Robust estimators are required but are computationally more expensive.

3. The Mahalanobis distance typically uses a global covariance matrix estimated from the entire
dataset. Survival relationships are often local; the correlation structure between features might differ
across subgroups (e.g., the relationship between age and biomarkers might differ for early-stage versus
late-stage disease). A global metric assumes the correlation structure is constant everywhere, which may
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not align with the local nature of kernel-based estimators like the Beran estimator. A local covariance
would be more appropriate but is difficult to estimate reliably due to data sparsity.

4. Computing the inverse covariance matrix has a computational complexity not less than O(p?),
where p is the number of features. For datasets with a large number of features, this calculation becomes
burdensome, especially if the distance needs to be recomputed repeatedly (e.g., during cross-valida-
tion). This is less of an issue with the Euclidean distance, which requires no matrix inversion.

5. Euclidean distance corresponds to intuitive geometric space (e.g., “5 years difference in age”).
Mahalanobis distance measures distance in terms of standard deviations within a multivariate distri-
bution. It is harder for clinicians or engineers to interpret what a specific Mahalanobis distance value
means in practical terms. Explaining why two patients are “distant” requires explaining the underlying
correlation structure, which can be a barrier to adoption in applied settings.

In sum, the Mahalanobis distance introduces computational burdens, instability in high dimensions,
and sensitivity to outliers. In survival analysis, these limitations often require additional methodological
steps, such as regularization, robust covariance estimation, or dimensionality reduction, to ensure the
metric remains reliable.
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AnHoTamus. Pa3paboTaHO YacTOTHO-M30MpaTeIbHOE YCTPOMCTBO B BHIE PEXKEKTOPHO-
ro akKTUBHOTO (pMIbTpa Ha OCHOBE TPAHCKOHAYKTMBHBIX YCUJIUTEICH M KOHIOCHCATOPOB B
KMOII-rexnonorun AO «Muxkpon» 180 um. Pasmepsl Tormonoruu 62 x 26 MkMm. Pe3yabraThl
MOJIEJIMPOBAHUS MO TOIOJOTUU CIIeAyIolIMe: yacToTa pexekuuu 312,5 MIil; ycuneHue B 1o-
noce nponyckanus 1,44 nb; nomasnenue 23,1 ab; nmorpednsiemass momHocTh 4,8 MBT; K03(h-
dumment rapmonnk 0,07%. I1poBeneHO cpaBHEHHWE ¢ pe3yJIBTaTaMU JIPYTMX paboT. YCTpOMCTBO
MOXET OBITh IIPUMEHEHO B CHCTEMaX ONTUYECKNX KOMMYHMKAIIUI.

KmoueBbie ciaosa: KMOII, uyacToTHO-M30MpaTenbHOE YCTPOMCTBO, PEXEKTOp, aKTWUBHBIN
(buABTp, TPAHCKOHAYKTUBHBIN YCUIINTEIIb, 9JIEMEHTHASI UMUTAIIMS

®unancupoanne: [IpoM3BOICTBO MHTETPATBHOM MHMKPOCXEMBI OBLIO BBIIIOJTHEHO 3a CYET
cpeactB MuUHMCTEPCTBA HayKM M BbICIIEro oOpasoBaHust Poccuiickoit Denepaiin B pamMKax
¢enepanbHoro NMpoekTa «[loaroToBka KaapoB M HaydHOTo (hyHIAMEHTa JJIs1 JEKTPOHHOI Mpo-
MBIIIJIEHHOCTH» MO TOCYJapCTBEHHOMY 3aiaHulo «Pa3paboTka METOINMKM MPOTOTUIIMPOBAHMSI
3JIEKTPOHHOW KOMIOHEHTHOI 0a3bl HA OTEUECTBEHHBIX MUKPO3JIEKTPOHHBIX MPOU3BOICTBAX Ha
ocHoBe cepBuca MPW».

Jnsa murupoBanms: Pilipko M.M., Morozov D.V. A frequency-selective circuit in 180 nm CMOS
// Computing, Telecommunications and Control. 2026. T. 19, Ne 2. C. 44—51. DOI: 10.18721/
JCSTCS.19204

Introduction

Continuous-time Gm-C active filters based on transconductance amplifiers and capacitors rep-
resent frequency-selective circuits and are applied for high-frequency devices [1—7]. For the imple-
mentation of the Gm-C active filters, CMOS technology is usually used. In this paper, realization of
a frequency-selective circuit as a rejector Gm-C active filter is discussed in the Mikron JSC 180 nm
CMOS technology.

Transconductance amplifier circuit

The transconductance amplifier circuit is shown in Fig. 1. The transconductance amplifier is a
voltage-controlled current source. It consists of an input stage [8] and a common-mode stabilization
circuit. The input stage is based on two-finger MOSFETs M1-M6 and the common-mode circuit
is realized by single-finger MOSFETs M7—M12. Inputs of the transconductance amplifier circuit
are labeled “inp” — non-inverted and “inm” — inverted one. Outputs are “outp” — non-inverted
and “outm” — inverted one. The common mode signal is “bias”. The transconductance amplifier
circuit in the Gm-C active filter should have a tuning range to compensate temperature and CMOS
technology variations in the production of the integrated circuit dies. The tuning capability of the
transconductance amplifier circuit is provided by varying the voltage in the node “tune”. When using
multiple transconductance amplifiers in an element imitator, the “com2” nodes of these amplifiers
are connected together.
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Fig. 1. Transconductance amplifier circuit

The transconductance amplifier circuit is implemented in the Mikron JSC 180 nm CMOS tech-
nology with a supply voltage of 3.3 V. Usage of a linear dropout regulator is implied with an output
voltage of 2.8 V, which is indicated as “vdda!”. The channel dimensions of each MOSFET “w” and
“]” are shown in Fig. 1. The transconductance of the amplifier circuit is near Gm = 242 uA/V at the
nominal voltage value in the node “tune” equal to 1.4 V. The current consumption of the transcon-
ductance amplifier circuit is 230 uA.

Rejector Gm-C active filter

The second-order passive prototype of the rejector filter was used to implement the Gm-C active
filter. The passive prototype is a balanced circuit, which is shown in Fig. 2 with a testbench and con-
sists of input resistances R1 and R2, parallel oscillatory circuits LIC1 and L2C2, and a load output
resistance R3. Inputs of the passive prototype are labeled “inp_ RF” — non-inverted and “inm_RF” —
inverted one. Outputs are “outp_RF” — non-inverted and “outm_RF” — inverted one. The common
voltage, designated as “vcm?”, is a half of the voltage in the node “vdda!”, i.e., 1.4 V. The rejection
frequency is set as F0 = 312.5 MHz. The element values are shown in fig. 2 and are as follows: R1 =

=R2=1/(2G,),R3=1/G _, Cl/L1 = C2/L2 = G, *and F, =1/(2n/LIC1) =1/ (2n/L2C2). As

the results of the AC-analysis, the amplitude and phase response of the passive prototype circuit are
shown in Fig. 3. As can be seen, the passband attenuation of the passive prototype circuit is 6 dB.

The circuit of the rejector Gm-C active filter is shown in Fig. 4, a. It consists of seven transcon-
ductance amplifiers 11—17 and four capacitors C1—C4. The input resistances R1 and R2 of the passive
prototype circuit (Fig. 2) are implemented using transconductance amplifiers 11 and 12. The transcon-
ductance of the amplifier 11 is twice as much as Gm, which is indicated in Fig. 4, a as “2*Gm”, there-
fore, it is necessary to use channel widths “w” of all MOSFETs in the circuit of the amplifier 11 twice
as much as in the circuit shown in Fig. 1. This increase in the transconductance of the amplifier 11
allows decreasing the input resistances and reducing the passband attenuation of the rejector Gm-C
active filter.

The inductors L1 and L2 of the passive prototype circuit (Fig. 2) are implemented using two
transconductance amplifiers and a capacitor for each inductor. Therefore, in Fig. 4, a transconduct-
ance amplifiers I3, 14 and the capacitor C3 are used as the inductor imitator of L1, while transcon-
ductance amplifiers 15, 16 and the capacitor C4 are used as the inductor imitator of L2. Considering
C3 =L1G,? and C4 = 1.2G ?, at C1/L1 = C2/L2 = G, ? all capacitors have the same capacitance, i.e.,
Cl=C2=C3=C4=123fF

The load output resistance R3 of the passive prototype circuit (Fig. 2) is implemented using the
transconductance amplifier 17 in Fig. 4, a. The transconductance of the amplifier 17 is half as much as
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Fig. 2. Testbench with the second-order passive prototype of the rejector filter
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Fig. 3. Amplitude and phase response of the passive prototype circuit

Gm, which is indicated in fig. 4a as “Gm/2”, therefore, it is necessary to use single-finger MOSFETs
M1—M6 in the input stage of the amplifier 17 in comparison with the circuit shown in Fig. 1. This
decrease in the transconductance of the amplifier 17 allows increasing the load output resistance and
reducing passband attenuation of the rejector Gm-C active filter.

The layout of the rejector Gm-C active filter is shown in Fig. 4, b. Sizes of the layout are 62 x 26 um.
As the results of the AC-analysis, the amplitude and phase response of the post-layout simulation are
shown in Fig. 5. As can be seen, the passband gain of the circuit after extraction is 1.44 dB.

The amplitude response shown in Fig. 5 has been acquired at the “typ” corner, i.e., nominal values
of MOSFETs and capacitors, with the tuning voltage ane = 1.4 V. In the case of the “slow3s” corner
at V, = 1.4V, the rejection frequency has changed to F\| = 264 MHz. To have the nominal value of

tune

the rejection frequency, it is necessary to change the tuning voltage to ane = 1.65 V. In the case of

the “fast3s” corner at Vtune = 1.4 V, the rejection frequency has changed to F0 = 403 MHz. To have
the nominal value of the rejection frequency, it is necessary to change the tuning voltage to Vtw =

= 1.21 V. As can be seen, a feasible change of the tuning voltage allows to adjust the filter circuit to the
nominal rejection frequency.
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Fig. 6. Differential input and output signals of the post-layout simulation and the output signal spectrum

As the results of the transient analysis, at the frequency of 100 MHz the differential input (the dash
line) and output (the solid line) signals of the post-layout simulation and the output signal spectrum
are shown in Fig. 6. As can be seen, the nonlinear distortion of the layout is no more than 63 dB,
which corresponds to the value of total harmonic distortion equal to 0.07%. Main characteristics
of the realized rejector Gm-C active filter are summarized in table 1 in comparison with the results

published in [3].

Table 1
Comparison of post-layout simulation results
Main characteristics This work [3]
CMOS technology 180 nm 130 nm
Layout area 0.002 mm? 0.046 mm?
Number of transconductance amplifiers in the filter circuit 7 6
Power consumption 4.8 mW 3.5 mW
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| -
End of Table 1
Main characteristics This work [31]
Power consumption per one transconductance amplifier 0.7 mW 0.6 mW
3-dB bandwidth 225 MHz 156 MHz
Attenuation 23.1dB 28.9dB
In-band ripple 0dB 1dB
Total harmonic distortion 0.07% 0.5%
Conclusion

The realization of a rejector Gm-C active filter in the Mikron JSC 180 nm CMOS technology has
been discussed. In comparison with the results published in [3], this work provides a more compact
layout, a higher frequency range, and a lower total harmonic distortion at a similar power consump-
tion per one transconductance amplifier. The circuit is applicable in networking and optical commu-
nication.
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Abstract. This paper presents the development results of a power limiter for the 30—6500 MHz
frequency range, implemented as a microwave monolithic integrated circuit (MMIC) based on a
domestic GaAs pHEMT technology. Implementing the power limiter as a monolithic integrated
circuit reduces the weight and size of the final device compared to a hybrid implementation. The
power limiter consists of three cascaded stages connected in parallel, comprising Schottky diodes
interconnected by microstrip transmission lines that compensate for the parasitic capacitances
of the diodes. The developed power limiter exhibits an insertion loss of less than 0.7 dB, an input
and output VSWR of less than 1.2, an input 1 dB compression point of at least 22.8 dBm, and a
maximum input power of at least 40.7 W. The MMIC die dimensions are 1400 x 1300 um. The
developed power limiter can be used in the input stage of receiving devices, such as antenna
feeder systems for direction finding.

Keywords: microwave, monolithic integrated circuit, power limiter, antenna-feeder system, GaAs
pHEMT, Schottky diode
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PA3SPABOTKA OrPAHUYUTENA MOWHOCTU ANA 3ALLAUTDI
AHTEHHO-®OUAEPHbIX CUCTEM NEJIEHTOBAHUA
HA OCHOBE GaAs pHEMT-TEXHOJIOTUU
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AnHOTanmms. B maHHOI cTaThe MPeACTaBICHBI pe3yIbTaThl Pa3pa00TKM OTPAHWIUTEIIST MOIII-
HOCTU AuanazoHa yacTor 30—6500 MIi, peanuszoBanHoro B Buge CBY MOHOJIMTHOI MHTE-
TpaJIbHOM cXeMbl Ha ocHOBe oTedecTBeHHON GaAs pHEMT-texnonorun. Peanusanus orpa-
HUYUTEIS MOIIHOCTU B BHUJE MOHOJUTHON MHTETpalbHON CXeMbl ITO3BOJISIET YMEHBIIUTh
MaccorabapuTHBIE TTapaMeTpbl KOHEYHOI'0 U3AEUS MO CPaBHEHUIO ¢ TMOPUIHBIM BapuaHTOM
peanuzauuu. OrpaHUYUTETb MOIIHOCTU COCTOUT M3 TpeX KacKaJoB, BKIIOUEHHBIX Mapaiesib-
HO, n1uoa0B IIIOTTKM, COeAMHEHHBIX MUKPOIIOJOCKOBBIMU JUHUSIMU TMepeaady, KOMIEeHCUpy-
IOIIMMU BIMSHHUE Mapa3sUTHBIX eMKOCTel nromoB. Pa3zpaboTaHHBIN OTpaHUYNUTENh MOIIHOCTHU
obnanaet BHocuMbIMHU TToTepssMu MeHee 0,7 1B, KCBH Bxona u Beixoga coctaBisieT MeHee 1,2,
BEJIMUMHA BXOJHON MOIIHOCTM TOYKM KOMIIpecCHHM IO ypoBHIO 1 1B cocTaBisieT He MeHee
22,8 nbM, MakcumaabHasi BXoAHasi MOIIHOCTL He MeHee 40,7 BT. Pazmepsl KpucTanana MOHO-
JIUTHOU mHTerpagbHOi cxeMbl coctaBuian 1400 x 1300 mMxm. Pa3paboTaHHBI OrpaHUYUTENb
MOILIIHOCTU MOXeT ObITh MCITOJIb30BaH BO BXOAHOM TPaKTe MPUEMHBIX YCTPOMCTB, TaAKMX KakK
AHTEHHO-(UIEePHBIC CUCTEMBI TTEJICHTOBAHUSI.

Kmouesbie cioBa: CBY, MoHOMMTHAs MHTerpajbHasl cXeMa, OrpaHUYMTEb MOIIHOCTH, aHTEH-
Ho-duaepHas cuctrema, GaAs pHEMT, nuon IloTTku

®uuancupoBanue: [1pou3BOACTBO MHTErPaJbHOW MUKPOCXEMbl ObLIO BBIIIOJHEHO 3a CYeT
cpeacTB MUHMCTEPCTBA HayKM M BbIcIIero obpasoBaHust Poccuiickoit Denepaliin B pamMKax
(denepanpHoro npoekra «[loaroroBka KajapoB ¥ HAyYHOTo (PyHIaMEHTa ISl 3JIEKTPOHHOM MPO-
MBIIIJIEHHOCTH» TI0 TOCYAapCTBEHHOMY 3anaHuio «Pa3zpaboTka METOAMKHU MPOTOTUITUPOBAHUS
3JICKTPOHHOM KOMITOHEHTHOI 0a3bl HAa OTEUECTBEHHBIX MUKPO3JIEKTPOHHBIX ITPOM3BOICTBAX Ha
ocHoBe cepBrca MPW» (FSMR-2023-0008).

Hasa mutupoBanus: Klimenko D.V., Nikitin A.B., Stroganov A.A. Design of power limiter for an-
tenna-feeder system for direction finding protection on GaAs pHEMT // Computing, Telecom-
munications and Control. 2026. T. 19, Ne 2. C. 52—60. DOI: 10.18721/JCSTCS.19205

Introduction

In modern antenna-feeder bearing systems (AFS) for direction finding, the power limiter (PL) is
one of the key components of the input stage [1]. The primary threat to AFS is a strong signal that
falls within the system’s operating frequency band. This could be either random interference from a
nearby transmitter or a deliberate attempt to “blind” the bearing system through a targeted attack.
Such a powerful signal can overload the receiving stage elements (for example, a low-noise amplifier
in a preselector) or cause irreversible damage to the device (Fig. 1). Consequently, the PL’s role is to
safeguard highly sensitive components against signals whose power surpasses a safe threshold [1, 2].

One of the major trends in the evolution of radio electronic equipment is the adoption of micro-
wave monolithic integrated circuits (MMICs) [3, 4]. Specifically, PLs implemented using MMICs

© Knumenko [.B., HukutuH A.B., CTporaHos A.A., 2026. N3aaTtenb: CaHKT-MeTepbyprckuii NONUTEXHUYECKUI YHUBEPCUTET lNeTpa Benukoro
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are characterized by compact dimensions, high performance, and the absence of the need for external
matching [5, 6].

Due to difficulties in accessing high-tech foreign-produced equipment and the limited availability
of specialized microcircuit solutions, there is a particular focus on expanding the range of MMICs
manufactured using domestic technological processes (for example, at Svetlana-Rost JSC) [7—10].

This work explores the specifics of designing a power limiter for the frequency range from 30 to
6500 MHz based on domestic GaAs pHEMT technology, utilizing process design kits for solid-state
microwave devices (PDK_pHEMTO05D) [11].

The design of a broadband MMIC PL based on domestic GaAs pHEMT technology presents sev-
eral challenges. The primary scientific and technical problem lies in the contradiction between the
need for high input power handling (tens of watts) and the low breakdown voltage of Schottky diodes
compared to PIN-diodes. Furthermore, ensuring minimal insertion loss (< 1 dB) and voltage stand-
ing wave ratio (VSWR) < 1.5 across a wide frequency range (30—6500 MHz) is non-trivial due to the
parasitic capacitance of the diodes.

The purpose of this work is to develop a compact MMIC PL for antenna-feeder bearing systems
using domestic GaAs pHEMT technology, providing protection against high-power input signals
while maintaining linearity in the low-signal mode.

To achieve this goal, the following research tasks were formulated:

1. To select and justify the choice of the domestic technological process (P HEMTO0S5 vs pHEMTO025)
based on the analysis of the current-voltage characteristics of Schottky diodes.

2. To determine the optimal number of limiting stages and the periphery of the diodes to ensure
the required compression point (P1dB > 20 dBm) and maximum input power (> 10 W).

3. To develop a distributed structure of the limiter where the parasitic capacitance of the diodes is
absorbed by the microstrip transmission lines to achieve broadband matching.

4. To evaluate the key electrical parameters (insertion loss, VSWR, P1dB) through electromagnetic
simulation and compare them with existing commercial and domestic analogs.

Operating principle

The PL MMIC is a device composed of several stages implemented as segments of a transmission
line with nonlinear elements — diodes — that alter their electrical characteristics when the incident
microwave power exceeds a certain threshold level [1, 3, 5, 7]. In the high-power mode, when the
input microwave power equals or surpasses the threshold level, the PL reduces it to a level safe for the
receiver’s input circuits. Due to its relatively low value, this power is referred to as the leakage power.
In the low-power mode, the input microwave power is significantly lower than the threshold level, and
the device allows the input signal to pass through with minimal attenuation [1, 13].
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For PL MMIC, PIN-diodes or Schottky diodes are utilized [5, 6]. Schottky diodes have a lower
breakdown voltage and are less resistant to overheating compared to PIN-diodes [12]. However, they
are technologically compatible with low-noise transistors, unlike PIN-diodes, enabling the creation
of core-chips [4, 6] and reducing the cost of the final product.

PL design

At present, Svetlana-Rost JSC offers two GaAs technological processes with diodes for the commer-
cial launch of MMICs: pHEMTO0S5 (0.5 um gate length) and pHEMTO025 (0.25 um gate length).

Analysis of the diode IV-curves (Fig. 2) revealed that the breakdown voltage for the first process is
approximately -11.2 V, whereas for the second process it is around -5.7 V. Consequently, pHEMTO05
is a more preferable choice, as diodes produced using this process feature significantly higher break-
down voltage and can thus handle greater input microwave power.

In addition to the breakdown voltage, the performance of the PL is influenced by the number
of diodes in the stage and the periphery of the diodes used [6, 13]. A larger diode periphery enables
higher microwave power handling. However, the higher parasitic capacitance of such diodes restricts
the operating frequency range. To address this issue, a distributed structure was employed, where the
parasitic capacitance of the diodes is absorbed by a distributed transmission line [14, 15].

The methodology for determining the number of stages and the total diode periphery was based on
the required input 1 dB compression point (P1dB) and the withstand input power. A single-stage lim-
iter using Schottky diodes with a total periphery of 640 um (4 x 160 um) provides a P1dB of approxi-
mately 26—26.5 dBm but fails to limit power above 30 dBm due to the risk of breakdown. To achieve
withstand input power no less than 10 W, a three-stage distributed topology was adopted (Fig. 4). This
allows for sequential activation of the diode cells: diodes VD11-VD26 are turned on first and handles
moderate over loads, while diodes VD1—-VD10 provide limiting at high power levels, preventing voltage
swings from exceeding the reverse breakdown voltage of 11.2 V (as verified in Fig. 9).

Microstrip transmission lines composed of two metallization layers are used as inductances L1
and L2. The characteristic impedance and electrical length of each transmission line section were
synthesized to absorb the parasitic capacitance Cj into a distributed LC network, forming a low-pass
filter structure. The optimization goal was to achieve insertion loss < 1 dB and VSWR < 1.5 over the
30—6500 MHz band. The two-layer metal lines were chosen not only for high current density but also
to reduce the series inductance per unit length, which improves the cutoff frequency of the limiter.

The layout of the designed PL is presented in Fig. 4. The MMIC dimensions are 1.4 x 1.3 mm.

All electromagnetic simulations of the passive structures and harmonic balance simulations of the
nonlinear circuit (Schottky diodes) were performed using AWR Design Environment. The perfor-
mance of the PL in the small-signal mode is demonstrated in Figs. 5—6. Insertion loss is no more than

a) 0 b) 0

0.1 0.1

02 0.2

Current (mA)
Current (mA)

-03 03

04 = 04 W
20 18 -6 -4 -12 10 &8 £ 4 2 0 -10 8 6 -4 2 0
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Fig. 2. IV-Curve of the 4 x 40 um reverse biased diode: pHEMTO05 (a); pHEMTO025 (b)

55



4yCTp017ICTBa N CUCTEMbI Nepeaayn, npuemMa n 06paboTku CMrHanos

56

Frequency (GHz)

Fig. 5. PL insertion loss

1
At {4 {4 {4 f [ {4
VD10 vD o VD& VD7 VD6 VD5 WD4 VD3 VD2
L1
Lo A4
VD18 VDT VD18 WD15 WD14 VD13 vD12 VD11
L2
Il | | | | |
11 L1 1T D‘_;D\ LT LT
VD26 VD25 VDz4 wD23 P wD22 VD21 WD20 VD19
Fig. 3. PL schematic
Judulal | [ ] E
o i
= 111 I
o
LI
it 3-3-0-0
] g
aacc :&I.
@ P
o m LI
o 1=a0=1
Fig. 4. PL layout
0
0.1
0.2
o 03
2
w -04
3
=
= 05
S
T .08
2
= 07
-0.8
0.9
-1
0 05 1 15 2 25 3 35 4 45 5 55 6.5

HA—=r
VD1



4 Circuits and Systems for Receiving, Transmitting and Signal Processing

1.5
1.45

VSWR
o
(4]

1.1
1.05
0 05 1 15 2 25 3 35 4 45 5 55 6 65
Frequency (GHz)

Fig. 6. PL VSWR

30
26
22
18
14

10

Output power (dBm)

2

-10
0 25 &5 75 10125 15 17.5 20 22,5 25 27.5 30 32.5 35 375 40
Input Power (dBm)

Fig. 7. Output power vs input power at 6 GHz

0.7 dB, and VSWR does not exceed 1.2 units. These parameters consider the parasitic impact of wire
bonding using 35 pm diameter gold wire.

The results of the analysis of the PL in the high-signal mode are shown in Figs. 7—S8.

Fig. 9 shows the simulated voltage swings across the VD5 and VD6 diodes when the input power
is 10 W (40 dBm) at 6 GHz. As you can see from the graph, the peak voltage is almost 8 V, which is
lower than the breakdown voltage of 11.2 V. The predicted power of this limiter is 40.7 W (46.1 dBm).

A comparison of the results shows that the main characteristics of the PL designed on the basis of
domestic technology are comparable to foreign and domestic analogues, and in some cases even sur-
passes them. For example, the Qorvo TGL2210-SM! GaAs PL is also based on three cascades. With a
similar operating frequency range (0.05—6.0 GHz) and comparable insertion loss (less than 0.7 dB),
this PL provides a higher maximum input power (49.3 dBm) due to the use of PIN-diodes. However,
Qorvo’s chip has significantly larger dimensions (4.0 x 4.0 mm), and the linearity level (input 1 dB
compression point is less than 20 dBm) does not allow it to be used in AFS due to possible input
signal distortions.

! TGL2210-SM, Available: https://www.qorvo.com/products/p/TGL2210-SM (Accessed 17.02.2026)
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The domestic analog, the M54404 PL from Planet Argal?, is also comparable in the operating fre-
quency range (0.1—6.0 GHz), but in other characteristics it is completely inferior to the developed
PL: insertion loss reaches 1.5 dB, input 1 dB compression point is less than 20 dBm, maximum input
power is not more than 40 dBm, and the dimensions of the MMIC are 3.4 x 2.3 mm.

Conclusion

As a result of this research, the PL MMIC was designed on the basis of domestic GaAs pHEMT-tech-
nology using process design kit pHEMT025D. The PL consists of three stages of Schottky diodes con-
nected in parallel by microstrip transmission lines. The values of the parameters of the components
have been found that provide insertion losses of less than 0.7 dB in the frequency range 30—6500 MHz,
VSWR of no more than 1.2, input 1 dB compression point is no less than 22.8 dBm, maximum input
power of at least 40.7 W. The size of the MMIC is 1400 x 1300 microns.

2 SVCh zashchitnoe ustroistvo M54404 [Microwave protective device M54404], Available: https:/argall.nov.ru/wp-content/uploads/2021/08/
M54404.pdf (Accessed 17.02.2026)
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The designed PL is comparable in basic parameters to its analogs, but is significantly smaller in size
and has a higher level of linearity. This PL is planned to be used in the AFS preselector of domestic
production.
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Abstract. A hardware implementation of a spiking neural network for classifying font images
of letters and numbers has been developed in the 180 nm CMOS technology of Mikron JSC. The
layout dimensions are 500 x 550 um. The supply voltage is 1.0 V. The average power consumption
is approximately 0.06 mW. The clock frequency is up to 10 MHz. The neural network contains
four layers of 15, 8, 8, and 10 nodes, respectively. The input data and synapse weights have a bit
width of 3 bits. A comparison with the results from other studies is performed.

Keywords: CMOS, analog neural network, leaky integrating neuron

Acknowledgements: The integrated circuit was manufactured using funds from the Ministry of
Science and Higher Education of the Russian Federation within the framework of the federal
project “Training of personnel and scientific foundation for the electronics industry” under the
state assignment “Development of a prototyping methodology for electronic component base
using domestic microelectronic manufacturing facilities based on MPW service”.

Citation: Pilipko M.M., Morozov D.V. A spiking neural network in 180 nm CMOS. Com-
puting, Telecommunications and Control, 2026, Vol. 19, No. 2, Pp. 61—-69. DOI: 10.18721/
JCSTCS.19206

© Pilipko M.M., Morozov D.V., 2026. Published by Peter the Great St. Petersburg Polytechnic University


https://orcid.org/0000-0003-3813-6846
https://orcid.org/0000-0003-3403-0120

4yCTp017ICTBa N CUCTEMbI Nepeaayn, npueMa n obpaboTkn cMrHanos

-
I
KpaTkoe coobuieHne © 018
DOI: https://doi.org/10.18721/]JCSTCS.19206 S

YK 621.3.049.774.2

UMNY/IbCHAA HEUPOHHASA CETb
NMNOo TEXHOJIOTMNU KMOIN 180 HM

M.M. lNMununko © @ , .B. Mopo3o6

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

= m_m_pilipko@rambler.ru

AnHoramusa. PazpaboTaHa ammapaTHas peajqu3alivs MMIYJIbCHOW HEHPOHHOW CEeTH ISt
Kinaccudukauny nzodpaxenuit mpudra 6yks u nudp B KMOII-texHomornu AO «MuUKpOH»
180 um. Pa3smepsr Tortosorun 500 x 550 mxm. Hamnpsokenue nutanusg 1,0 B. Cpennsast moTpeoisi-
emast MoirHocTh okosio 0,06 MBt. TakToBas yacrora 1o 10 MIi1. CeTb COAEPXKUT YETHIPE CIIOS
no 15, 8, 8 u 10 y3710B coOTBEeTCTBEHHO. BXOAHbBIE JaHHBIE W Beca CMHAICOB MUMEIOT pa3psil-
HocTh 3 6uta. [IpoBeneHo cpaBHEHUE ¢ pe3yJibTaTaMu APYTUX padoT.

Kmouessie cioBa: KMOII, ananoroBas HelipoHHAs ceTh, MHTETPUPYIOLINM HEHPOH C YTEUKO

®unancupoBanne: [Ipon3BOACTBO MHTErpajJbHOM MWUKPOCXEMBI OBIJIO BBIIOJTHEHO 3a CYET
cperncTs MUHHMCTEpCTBA HayKW M BBICIIETO oOpaszoBaHms Poccmiickoit Denepanni B paMKax
(denepanbHoro mnpoekra «I[loaroroBka KagpoB U Hay4yHOro ¢GbyHIAMEHTa AJIs1 3JEKTPOHHOM IIpOo-
MBIIIUIEHHOCTH» 110 TOCYAAPCTBEHHOMY 3aJaHuio «Pa3zpaboTka METOOMKM IPOTOTUITMPOBAHUS
3JICKTPOHHOM KOMITOHEHTHOI 0a3bl Ha OTEUYECTBEHHBIX MUKPOIJEKTPOHHBIX IIPOU3BOACTBAX
Ha ocHoBe cepBuca MPW».
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Introduction

The development of neural networks that can classify data with high speed and accuracy while
consuming small power is an emerging research area. Of particular interest are spiking neural net-
works (SNNs), in which interactions between artificial neurons are mediated by pulses of a specific
amplitude passing through functional analogs of biological junctions — synapses [1—8]. The goal of
this work is to develop a four-layer analog SNN topology for classifying font images of letters and
numbers, in a 5 x 3 pixel format, characterized by a small number of neural nodes and a simple neuron
structure. In this paper, a hardware realization of a SNN is developed in the 180 nm CMOS technolo-
gy of Mikron JSC. Simulation results taking into account the parasitic parameters of the circuit layout
and pads, i.e., post-layout simulation results, are presented.

Spiking neural network

An SNN can be used in image classification. An analog neural network is potentially more efficient
than a digital one. In this work, the neural network has 15 nodes in the input layer, 10 neurons in the
output layer, and also has two hidden layers with 8 neurons each (Fig. 1, a).

Fig. 16 shows the main blocks of the SNN chip. The chip consists of: input data register, control
circuit, spike generators, synapse register, first and second hidden layers, output layer, and counters
with output register. The input data, as well as the synapse weights, are fed to a register in parallel
form. The input layer generates spikes, whose number is proportional to the input value. Synapses
transmit these spikes to neurons in the next layer. The neuron’s capacitor is charged by the spikes,
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with the current proportional to the synapse weight. When a threshold is exceeded, the neuron gen-
erates (“fires”) its own spike, which is passed on to the next layer, while the capacitor is reset. Neu-
rons are implemented using the leaky integrate-and-fire (LIF) neuron model. Spikes from neurons
in the output layer are counted by counters. The counter codes are the network’s output signal. The
decision corresponds to the node that has produced the maximum code. The input data and the syn-
apse weights have a 3-bit resolution. Silence mode, synapse weights setting mode, data input/output
mode, and operating mode are supported. The working cycle including input data writing, network
operation, and data output, takes 36 clock periods. Default synapse weights and default input data
can be set for control. The comparator thresholds in each internal layer and in the output layer can be
controlled. The neuron charge leakage rate can be adjusted. The output of one of the neurons is routed
from each layer to control spike generation.

Examples of the synapse circuit are presented in [2, 6—8]. The synapse circuit designed in this work
is shown in Fig. 2, a. In accordance with Fig. 1, the input of each neuron is connected to eight synap-
ses. The spike “SPK?” is transmitted via the synapse. The weight of the synapse is set using the values
“W<0:2>” that are stored in a row of synapse register (Fig. 1, b). The output node “MEM?” is used to
connect neuron capacitor. The data “D<0:2>” on MOSFETs’ gates of single-finger M1, two-finger
M2, and four-finger M3 determines charge current of the neuron capacitor.

The neuron circuit designed in this work is shown in Fig. 2, b. The circuit consists of three parts:
comparator on MOSFETs M1—-M11; analog memory element on MOSFETs M12—M16, neuron ca-
pacitor CI1, and inverter 19; and logic part I1—I8. The signal “LEAK” sets the rate of charge leakage

63



4yCTp017ICTBa N CUCTEMbI Nepeaayn, npuemMa n 06paboTku CMrHanos

a) SPK —. 1@ SPK —. 1 SPE — . 12

b)

J[EPssBsan ydd! “EPHEBSIAT]

e .
1= w=4u w=4u
1z I=.2u I=.2u g je-3
gate=1 gate=1

M12

Lo I —

& 7
\ NSPK
/m—l>ﬂ—. NSPK

Fig. 2. Synapse and neuron circuits

of the neuron capacitor. The signal “MDN1” enables the comparator operation during operating
mode of the SNN and disables the comparator in other modes. The comparator compares the signals
“REF” and “MEM?”, generates its output signal “ANA”, which is the input signal to the logic. Buffer
I1 consists of four series-connected identical CMOS inverters. Buffer 12 consists of six series-con-
nected CMOS inverters with different transistor lengths and defines the pulse width of the output
spike. The NANDs 13 and I4 form an SR latch, while CMOS inverter 15 produces reset signal “RST”
for discharging the neuron capacitor C1. The signal “MDNO0” enables the discharge of the neuron
capacitor CI in silence mode. The signal “SPK” is the neuron’s output, while the signal “NSPK”
provides the ability to control data in layers of the SNN using measuring equipment. The CMOS in-
verter I8 uses six-finger MOSFETs to increase neuron’s load capacity. The signal “LIK”, formed in
the comparator, is an additional biasing signal for analog memory element.
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Fig. 3. SNN circuit layout

The layout of the SNN circuit is shown in Fig. 3 and has dimensions 500 x 550 um. The layout
consists of columns representing some main parts, namely input data register, control circuit and spike
generators, synapse registers, neurons of the first and second hidden layers, neurons of the output
layer, and counters with the output register in accordance with Fig. 1, b.

The supply voltage of Mikron JSC 180 nm CMOS technology is 1.8 V, but at this voltage the SNN
circuit has high-power consumption, ca. 0.5 mW. It is possible to decrease power consumption by
using supply voltage of 1.0 V. At this voltage the SNN circuit still works correctly while consuming
only 0.06 mW.

Fig. 4 shows the operation of a neuron. The signal “CLK” represents the input spikes from previous
neural network layer. The reference level “REF” is equal to 250 mV (dot-dashed line). There are two
signals of neuron memory shown at different leakage control voltages that are equal to 0.1 Vand 1.0 V.
For “MEM_0.1” (dashed line), the leakage of the neuron is less than for “MEM_1.0” (continuous
line). If the reference level is exceeded by the value in the neuron’s memory, a spike “SPK” is formed.

Fig. 5 shows the process of writing the input data into 15 neurons of the SNN input layer as well as
generation of spikes as a results of post-layout simulation. Signals “MODE<1>” and “MODE<2>”
define SNN working mode, at MODE<1> = (0 and MODE<2> = 1, the input data writing is performed.
The input data has a 3-bit resolution and is shown in Fig. 5 in decimal representation as “CODE”
from 0 to 7. The input data writing is performed at a fall of the signal pulse “CLK<2>”. At MODE<1> =
= (0 and MODE<2> = 0, the neural network is in silence mode. The outputs of spike generators in in-
put layer are indicated from “SP_1<1>” to “SP_1<15>". In operating mode at MODE<1> = 1 and
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Fig. 5. The input data writing and spikes generation

MODE<2> = 0, the input layer generates spikes (their number can vary from 0 to 7) at the rise of the
signal pulse “CLK<1>”. The number of spikes is equal to the input value of “CODE”. Synapses trans-
mit these spikes to neurons in the next layer.

Fig. 6, a shows spikes generation in four layers of the neural network as the results of post-lay-
out simulation. As seen, in operating mode at MODE<1> = 1 and MODE<2> = 0, the input layer
generates six spikes on “SP_1<1>”, the first hidden layer — three spikes on “SP_2<1>”, the second
hidden layer — two spikes on “SP_3<1>”, and the output layer — two spikes on “SP_4<1>”. To check
the data in SNN layers using standard measuring equipment, signals “SP_1 pulse”, “SP_2 pulse”,
“SP_3 pulse”, and “SP_4 pulse” are formed and have detectable pulse durations ca. 0.05 ps similar
to that of “CLK<1>",
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Fig. 6. Spikes generation in four layers and SNN result output

Fig. 65 shows the process of reading the output data out of 10 neurons of the SNN output layer as
the results of post-layout simulation. The spikes of the output layer are indicated from “SP_4<1>” to
“SP_4<10>”. In operating mode at MODE<1> = 1 and MODE<2> = 0, the output layer generates
spikes from 0 to 7 at the rise of the signal pulse “CLK<1>”. At MODE<1> = 0 and MODE<2> = (),
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the neural network is in silence mode. The output data reading is performed at MODE<1> = 0 and
MODE<2> = 1. The output data has a 3-bit resolution and is shown in Fig. 65 in decimal representa-
tion as “SNN_CODE?”, i.e., the values can be from 0 to 7. The output data reading is performed at
the fall of the signal pulse “CLK<2>”. As seen, the value of “SNN_CODE?” is proportional to the
number of spikes.

Main characteristics of the realized SNN are summarized in Table 1 in comparison with the results
published in [2]. Complexity/Area and Complexity/Power are near to those in [2].

Table 1
Comparison of results

Main characteristics This work [2]
CMOS technology 180 nm 180 nm
Architecture Analog Analog
Classifier type SNN SNN
Neuron Model LIF LIF
Area 0.275 mm? 3.6 mm?
Power consumption 0.06 mW 1.06 mW
Complexity [Total number of weights] 208 3311
Complexity/Area 756 920
Complexity/Power 3467 3123

Conclusion

The hardware realization of the SNN in the 180 nm CMOS technology of Mikron JSC has been
discussed. In comparison with the results published in [2], this work provides competitive values of
Complexity/Area and Complexity/Power characteristics.
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Abstract. This paper presents an experimental analysis of the behavior of a significance metric
for 3D scene objects used for preliminary rendering optimization setup in the Unity environment.
The influence of three object characteristics is considered, from which the final significance
metric is formed: geometric complexity (polygon count), spatial size, and the object’s potential
as an occluder, calculated based on visibility analysis performed using ray casting. Combining
these features with adjustable weights makes it possible to obtain a unified estimate of the
potential importance of an object and its impact on rendering during the configuration of
optimization approaches. The results show that geometric complexity provides strong separation
of objects into groups, assigning 22.6% of the objects in the experimental scene to the high-
significance category. The balanced configuration and the dominance of other coefficients
individually demonstrate lower differentiation, yet accurately identify the most complex objects
intentionally placed in the scene, while classifying over 70% of the remaining models as low-
significance. Regardless of the chosen configuration, the method correctly identifies candidates
clearly suitable for further optimization.
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AnHoTamusA. B pabore TpoBeneH aHaIM3 MTOBEICHUS METPUKU 3HAYMMOCTH OOBEKTOB TPEX-
MEpHOU CIIEHBI U BIUSHUA Ha Hee KO3(POUIIMEHTOB B paMKaxX MeToda ISl IIpeIBapUTeIbHOM
HACTPOMKM ONTUMM3aLUM peHaepuHra B cpeae Unity. PaccMaTpuBaeTcst BIMSIHUE TpeX Xa-
PaKTEepUCTUK O00BEKTa, U3 KOTOPBIX (hOPMUPYETCSI MTOTOBasi METpPUKA 3HAYMMOCTU: FeOMe-
TpUUYecKasl CJIOKHOCTb (KOJIMYECTBO IMOJUTOHOB), MPOCTPAHCTBEHHBIM pa3Mep M MOTEHIIMAI
00BbEKTa B KaUeCTBe OKKITIOACPa, BEIYMCIISIEMBI Ha OCHOBE aHaJIM3a BUIMMOCTH, BBITIOTHSIE-
MOTO C ITOMOIIIBIO 3aITycKa Jydeii. O0beIMHEHNE 3THX IPU3HAKOB C HaCTpanBaecMBIMU BecaMU
ITO3BOJISICT TTOJYYUTh €AUHYIO OIEHKY IMOTeHIIMAJbHON BaXXHOCTU O0BEKTAa U €TO BIMSHUS Ha
PEHIECPUHT TIPU HACTPOUKE ONTUMU3AIIMOHHBIX ITOIXOM0B. Pe3yabTaThl MOKa3bIBAIOT, YTO T'€O-
MeTpUYECKasl CJI0XHOCTh 00eCIeurBaeT CUIbHOE pasieicHre 0O0beKTOB IO TpyInaM, OTHOCS
22,6% 00BEKTOB Ha IKCIIEPMMEHTAJIbHOM CIIEHE K IpyIIle BbICOKOK 3HauMuMmocTh. CbOalaHCu-
POBaHHBIN 3aMycK W JOMWHUPOBAHUE APYTUX KO3I(DOUINUEHTOB MO OTAEIbHOCTU JEMOHCTPU-
pYIOT MeHbIyIo auddepeHIInanmnio, Ho TOYHOE OIpe/e/ieHe 3apaHee BCTPOCHHBIX B CLIEHY
CaMbIX KOMILIEKCHBIX O0BEKTOB, IIPpX 3TOM OTHOCS 6osiee 70% ocTajbHBIX MOJEJIE K MaJlo3Ha-
yamuM. He3zaBucumo oT BbIOpaHHOM KOHMUIypaluKl, METOA KOPPEKTHO BBISBISET KaHIUAA-
TOB, SIBHO IOAXOSIIIMX JJIsSI JaJIbHEHIIeH ONTUMMU3alIUN.

KioueBsbie ciaoBa: KommnbloTepHas rpaduka, aHanu3 3D-cleH, aHajlu3 BUAMMOCTH, ONTUMU3A-
1us peHaepuHra, nBuxok Unity

Jlna murupoBanusa: Chernyi V.G., Bolsunovskaya M.V. Analysis of the influence of weighting coef-
ficients in a significance metric for 3D scene objects in preliminary rendering optimization setup
// Computing, Telecommunications and Control. 2026. T. 19, Ne 2. C. 70—80. DOI: 10.18721/
JCSTCS.19207

Introduction

Nowadays, modern 3D interactive applications are developed using 3D engines such as Unity and
Unreal Engine. Despite their popularity in the gaming industry, these engines are also widely used
in projects related to education, industrial simulations, and the creation of digital twins [1—5]. As
technology evolves, the complexity of such projects continues to grow. 3D scenes require more com-
putations and contain increasingly detailed objects, while still demanding smooth performance and
fast user feedback [6—7].

To meet these requirements, developers employ various optimization techniques. A large number
of optimization tools are already integrated into modern 3D engines, but they require proper config-
uration to be effectively applied. The need to maintain a balance between visual quality and perfor-
mance makes research on the application of optimization techniques in 3D engines both relevant and
essential [8].

Among the most commonly used in-engine optimization approaches are Level of Detail (LOD)
and occlusion culling systems. LOD techniques adjust the geometric complexity of objects based on
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their distance from the camera. Each object contains multiple levels of detail that are switched accord-
ing to predefined thresholds. Occlusion culling, on the other hand, reduces the rendering workload by
excluding objects that are not visible to the camera due to occlusion by other objects (occluders), or
simply because they are outside the field of view [9—12].

All things considered, both of these approaches, in their integrated implementations, require
configuration. Such configurations heavily rely on manual decisions made by developers. To achieve
efficient use of these tools, developers must determine which objects are important, which can be
simplified, and which can serve as occluders for surrounding objects. In large and complex 3D scenes
containing objects of varying quality, these decisions are often based on heuristic assumptions. One
way to simplify this process and increase its efficiency is to introduce a formalized evaluation frame-
work that helps analyze which objects require optimization techniques.

Existing research primarily focuses on improving real-time rendering optimization algorithms
[13—15] or visibility techniques [16—17], while less attention is given to the analysis of objects targeted
for optimization during the scene configuration stage. In particular, the combined effect of geometric,
spatial, and visibility-related features on object importance remains insufficiently studied.

Related studies also show that the problem of identifying visually or functionally important ele-
ments of a 3D scene has already been addressed from different perspectives, including mesh saliency
[18—22], viewpoint entropy [23], learning-based view selection [24], and perceptual rendering [25].
These works confirm that scene content can be differentiated by importance, visibility relevance, or
perceptual contribution. However, such approaches are mainly focused on perception, view planning,
or runtime rendering behavior rather than on the preliminary configuration of built-in optimization
tools in 3D engines. In this context, the formalized evaluation of scene objects for editor-based opti-
mization support remains insufficiently explored.

To address this gap, this work considers an object significance metric as a key factor in scene anal-
ysis. This unified metric is used to evaluate objects based on their features, such as geometric comple-
xity, spatial size, and occlusion potential calculated through ray-based analysis.

This research investigates the behavior of these calculated metrics under different parameter con-
figurations. The main objective is to analyze how different values of feature weights affect the analysis
results and optimization-related decisions, such as object classification and occluder selection.

The key contributions of this paper are as follows:

 analysis of the influence of object properties on significance-based evaluation;

» experimental study of object classification and occluder selection under different coefficient set-
tings.

The proposed approach is implemented and evaluated within the Unity engine using experimental
3D scenes containing different amounts of primitive and low-poly objects. The experimental results
provide insights into the behavior of significance-based scene analysis and demonstrate the role of
weighting coefficients in this approach.

Proposed approach

The developed method is based on the preliminary analysis of 3D scene objects through the forma-
tion of a unified significance metric. The objective is to provide a formalized representation of each
object’s importance, which can be used for subsequent automated or manual optimization decisions,
such as level of detail assignment and occluder selection.

The proposed approach operates on a set of object data collected from a 3D scene and evaluates
each object independently by analyzing its predefined properties. These properties reflect how an ob-
ject contributes to rendering performance and the visual perception of space in a 3D scene. While the
contribution of many object properties deserves further investigation, this study primarily considers
three features.
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1. Geometric complexity

Geometric complexity is defined as the number of polygons (triangles) that constitute the analyzed
object. This value reflects the computational cost of rendering the object and is commonly used in
LOD systems, since one of the most straightforward ways to reduce rendering cost is to decrease the
number of processed polygons.

2. Spatial size

Spatial size represents the physical extent of an object within the scene. It is computed based on
the dimensions of the object’s bounding volume. By considering spatial size, it becomes possible to
evaluate how much space an object occupies. Larger objects are more likely to influence visibility and,
therefore, may act as occluders that block other objects. However, spatial size alone does not capture
the full scene context. For instance, a large object located at the boundary of the scene may not func-
tion as an occluder, but rather as a candidate for LOD configuration.

3. Occlusion potential

Occlusion potential is calculated using a ray-based analysis. A set of rays is generated from a prede-
fined number of source points around the analyzed object. Intersections with other objects, excluding
the target itself, are recorded. If the number of intersections exceeds a specified threshold, the ob-
ject can be marked as an occluder (for example, by assigning the “Occluder Static” flag in the Unity
engine). Occlusion potential reflects the likelihood of an object blocking visibility by analyzing its
surrounding environment, providing an approximation of its contribution to occlusion culling.

To combine the considered object characteristics into a unified value, a significance metric is in-
troduced:

V(o):k1~C(0)+k2-S(0)+k3-H(0),

where V(0) is the significance value of object 0; C(0) is the normalized geometric complexity of object
(number of triangles); S(0) is the normalized spatial size (object’s bounding box volume); H(0) is the
normalized occlusion potential estimated by using ray-based analysis; k1, k2, and k3 are weighting
coefficients that define the contribution of each feature and satisfy the condition k1 + k2 + k3 = 1.

Prior to aggregation, all object feature values are normalized to the range [0, 1] using min-max
normalization. This ensures comparability and interpretability between values of different scales.

An additive aggregation was chosen instead of multiplicative model in order to maintain balance
between features, avoiding possible suppression effect caused by low-valued components. Using an
additive model also simplifies sensitivity analysis, since it was important to see how different coef-
ficient setups influence resulting metric. The application of multiplicative models is considered as a
potential direction for future work.

The significance metric produces a scalar value representing the overall importance of an object
within the scene. The weighting coefficients can be adjusted to emphasize different aspects of object
importance, such as rendering cost (geometric complexity), spatial size, or occlusion capability.

The choice of a linear additive model for significance metric is also motivated by several practical
considerations derived from 3D application development. First, linear aggregation ensures computa-
tional transparency during scene preprocessing, allowing easy and fast result interpretation. Second,
the additive form provides direct traceability: the influence of each coefficient can be immediately
understood and tuned. Third, the metric is supposed to be used in context of scene preprocessing,
where rapid iteration and predictable behavior are in priority. It is also important that chosen model
does not require high computational costs and is easy to integrate in project analysis pipeline. The
model may get more complex based on discovered coefficient influence and other further research.

By incorporating the computed significance value into 3D scene analysis, more informed deci-
sions can be made during the configuration of optimization methods. First, the metric can be applied
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to occluder selection. A high significance value may indicate both strong occlusion potential and
substantial spatial presence, making such objects more likely to block visibility and serve as effective
occluders.

To conduct controlled experimental studies of the metric behavior, several configurable parameters
are defined prior to analysis. These include the number of rays and their sources, threshold values for
occluder detection and classification, as well as the weighting coefficients.

In the context of this study the selection of weighting coefficients is performed empirically to define
representative configurations for analysis. Flexible coefficient tuning is supported, allowing adapta-
tion to different 3D scene properties and optimization goals. Several configurations are considered,
including balanced weighting and setups based on individual dominance of each feature. The choice
of coefficients may depend on the type of the analyzed scene. For example, geometry-dominant anal-
ysis can be beneficial for scenes containing big amount of highly detailed objects. These experimental
configurations are designed to investigate this idea. The derivation of optimal coefficient values for
specific scene types is a prospect for future research.

The proposed framework serves as a basis for analyzing the influence of different weighting coeffi-
cient combinations on optimization decisions, which is further explored in the experimental section.

Research methods

The purpose of the research is to investigate the influence of characteristic weighting on the behav-
ior of the proposed significance metric and its impact on optimization configuration decisions in 3D
scenes. Following research methods were employed:

1. Controlled experiment. Four fixed configurations of coefficients were defined and tested on the
same 3D scene to check the effect of each configuration in the same context.

2. Comparative analysis. The analysis finishes with object classification across three significance
groups (low, medium and high). The results of these classifications were compared for each configu-
ration.

3. Mean significance metric value was calculated for each configuration to check overall tendency
of metric.

4. Five large-scale objects were intentionally placed in the scene to verify that any configuration
will constantly identify evidently important objects.

Experimental setup

The experiments were conducted using a pre-built 3D scene created in the Unity engine editor.
The test scene consists of a large number of static simple building models (up to 1000), representing
an urban-like environment with varying object scales and high density. Most of the objects are not
unique, as they are instances of seven base building models. These base objects differ in spatial size
and geometric complexity. Such a configuration ensures diverse object combinations within the scene,
making the task of identifying significant objects more challenging. Among all objects, five of them
have increased size to imitate evident occluders. In addition, they differentiate in color. Fig. 1 shows
model examples, while Fig. 2 demonstrates scene setup from the top-down view in Editor Mode.

Since the main goal of the study is to investigate the role of weighting coefficients in the computa-
tion of the significance metric, the parameters related to occlusion potential analysis (number of rays,
number of ray sources, and occluder threshold) were predefined and kept constant throughout all
experiments. Four experimental cases were defined, each corresponding to a different configuration
of weighting coefficients.

The specific values of the weighting coefficients used in the experiments are defined as follows:

1. Balanced configuration: k1 = 0.33, k2 = 0.33, k3 = 0.33;

2. Geometry-dominant configuration: k1 = 0.6, k2 =0.2, k3 =0.2;

74



4 Simulations of Computer, Telecommunications and Control Systems >

Fig. 2. Scene top-down view

3. Occlusion-dominant configuration: k1 = 0.2, k2 = 0.2, k3 = 0.6;

4. Size-dominant configuration: k1 = 0.2, k2 = 0.6, k3 = 0.2.

These configurations were selected to explicitly analyze the influence of each feature on the re-
sulting significance metric. The first experiment is based on a balanced configuration, where all co-
efficients have equal importance. The second experiment uses a geometry-dominant configuration.
By increasing the importance of geometric complexity, the analysis prioritizes objects with a high
polygon count and, consequently, higher rendering cost. The third experiment focuses on occlusion
potential, where the main objective is to analyze differences in occluder selection across the three
configurations. Fourth experiment uses spatial size of the object.

The evaluation of the experiments is based on the distribution of objects across significance ranges
and the number of selected occluders. Three significance levels are introduced based on the value of
V(o0): low (< 0.33), medium (0.33 < V(0) < 0.66) and high (> 0.66). These thresholds correspond to an
equal partitioning of the normalized value range. A simple partitioning based on three groups ensures
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consistent comparison between different configurations and keeps analysis results easily interpreta-
ble. The results are compared to determine how different weighting schemes influence optimization
decisions.

The experiments were performed within the Unity editor environment, inside a project containing
the implementation of the proposed approach along with the required 3D assets. The analysis tool is
implemented as a custom editor extension, enabling automated processing of the scene. The analysis
is performed outside of runtime, as its purpose is to support configuration and optimization rather
than real-time execution.

Results and discussion

The results of the experimental study are presented in Tables 1 and 2.

Table 1
Distribution of objects by classification levels
Configuration Coefficient values Low significance group Medium significance High significance
group group
k1=10.33,
Balanced k2 =0.33, 701 294 5
k3=10.33
k1 =0.6,
Geometry k2=10.2, 496 278 226
k3=0.2
k1=0.2,
Occlusion k2=0.2, 700 295 5
k3=10.6
k1=0.2,
Spatial size k2=10.6, 986 9 5
k3=0.2

Table 1 shows the distribution of objects across significance-based classification levels for different
weighting configurations of the metric. The classification is derived from normalized values of the signi-
ficance metric V(0), which combines geometric complexity, spatial size, and occlusion potential.

It is also important to state again that experimental scene contained five intentionally placed large-
scale building models which were adjusted manually to serve as primary occluders. Across all exper-
iment configurations these five objects consistently received the highest significance scores. These
objects were always correctly classified as high significance objects, while also marked as occluders by
occlusion analysis. Shown invariance to coefficient differences demonstrates that the analysis exhibits
robustness in identifying most evident and important objects for optimization, regardless of the em-
phasis placed on different coefficients.

In the balanced configuration, where all features contribute equally, only five objects are assigned
to the high-significance group, which are evident occluders. Most of the models are classified as
low-significance objects. Considering the context of experimental scene, this result demonstrates that
in case of non-existing domination among the coefficients, only the high-profile objects are treated
as significant ones.

When geometric complexity is prioritized, the distribution shifts toward a higher number of signifi-
cant objects. The share of high-significance objects increases, while the number of low-significance
ones decreases compared to other configurations. This indicates that geometric complexity provides
a clearer distinction between objects, as it introduces a stronger contrast between simple and complex
models.
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In contrast, the occlusion-dominant configuration results in a noticeably skewed distribution, simi-
lar to balanced configuration, where most objects fall into the low-significance group. This suggests
that occlusion potential alone does not provide sufficient differentiation in dense scenes, as many
objects demonstrate similar visibility behavior under ray-based analysis.

The most pronounced effect is observed in the size-dominant configuration. In this case, almost all
objects are classified as low significance, with only a small number identified as highly significant. It
should be noted that several large-scale objects were intentionally included in the scene as reference
structures. These objects are correctly classified as highly significant, while the remaining objects
form a nearly homogeneous group. This behavior indicates that spatial size alone is not sufficient for
reliable object importance evaluation in complex environments.

Table 2 presents the average value of the significance metric for each experimental configuration.
The mean value is computed by averaging the significance metric values for each previously analyzed
object in the scene. The results reflect the tendency of the metric on current scene. Higher values in-
dicate a shift towards higher significance among the objects, while lower values show that most of the
scene consists of less significant 3D models.

The geometry-dominant configuration produces the highest mean value, reflecting a stronger dif-
ferentiation between objects. The balanced configuration demonstrates moderate values, while the
occlusion- and size-dominant configurations result in lower averages, indicating weaker separation
between objects.

Table 2
Average values of the significance indicator for each experimental configuration

Configuration Mean V(o)
Balanced 0.23
Geometry 0.31
Occlusion 0.23
Spatial size 0.18

Overall, the results demonstrate that the weighting coefficients of the significance metric influ-
ence object classification. Among the considered features, geometric complexity provides the most
effective basis for differentiation, while spatial size and occlusion potential, when used independently,
show limited capability in distinguishing object importance in dense scenes.

While direct comparison with existing methods is hard to perform due to different evaluation met-
rics and goals, Table 3 provides a qualitative comparison of the proposed approach with existing tech-
niques mentioned in introduction as related work.

Additionally, in the context of comparing approach discussed in this work with other approaches,
it is important to note that recent advances in machine learning, including LLM and vision-based Al
systems, provide powerful tools for semantic scene understanding, object importance estimation and
image analysis. Those approaches can address similar problems by learning perceptual or significance
directly from provided data.

However, the proposed method differs in scope and application context. First, it is meant to be
used in the preprocessing stage within 3D engine workflow, where low computational overhead and
controllability are very important. Calculation of metric does not require additional training data or
any integration outside of engine tools. Second, the proposed approach provides easy interpretability,
since each feature can be directly controlled through weighting coefficients. It allows developers to
manage and modify analysis process based on their optimization goals and current 3D scene, which
can be difficult to achieve with black-box models.
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| _a
Table 3
Qualitative comparison of the proposed approach with existing methods
Lo . Viewpoint Object-space
Criterion Maesh saliency [18] selection [24] VSD [16] Proposed approach
Preliminary
salifflzceIPot :ﬁiesh View set selection Global visible surface in-engine
Intended use simoli ﬁ)c/:a tion and for synthetic training determination optimization
P data generation (object space) configuration

compression .
P (occluder selection)

Binary classification

Saliency score per Unified significance

Output type vertex or per face Set of camera poses (vmble@nvmble metric per object
per triangle)
Requires 3D engine No No No Yes
. .. Yes (RPCA-generated
Requires training data ground truth) Yes (NYUDV2) No No
Individual faces Individual triangles

Operates on Rendered images ‘Whole 3D object

(patch-based) (per ray)

Yes (can mark
No No No potential occluders
in Unity engine)

Can affect scene/
objects

Conclusion

This paper presents an experimental study of a significance-based approach to object evaluation
in 3D scenes within the Unity engine. The proposed metric combines geometric complexity, spatial
size, and occlusion potential into a unified scalar value that can be used for object classification in the
context of rendering optimization, particularly for occluder selection.

The experiments conducted show measurable shifts in object grouping under different configura-
tions. In particular, the geometry-dominant configuration increases the number of high-significance
objects from 5 (in balanced case) to 226, while reducing the number of low significance objects from
701 to 496. Spatial size configuration demonstrates high concentration of objects in low significance
group (986 out of 1000), indicating reduced differentiation. The different distribution of objects
across classification levels is also shown by mean V(o) values, calculated during experimental runs.
Geometry-dominant configuration produces highest average value (0.31), while size-dominant con-
figuration produces the smallest (0.18). The results confirm that different weighting schemes affect
object classification based on their significance.

Notably, most of the time, high-significance group received only five objects, which were inten-
tionally placed large-scale occluders. The consistency of analysis results in these cases across most
of the configurations confirms the robustness of the significance metric in detecting models which
definitely influence scene visibility and rendering complexity.

The proposed approach can be integrated into existing project configuration workflows as a pre-
processing tool for rapid 3D scene analysis. By providing a formalized and configurable estimate of
object importance, the method reduces reliance on manual judgments, which is particularly valuable
for large and complex scene set ups with huge amounts of high-detail models with dense placements.

Future work may proceed in several directions. First, more complex benchmark evaluation is re-
quired to research influence on metric values in cases which are closer to real application scenarios.
Second, results of rendering optimizations configured based on metric evaluation should be inves-
tigated. Finally, adaptive coefficient and analysis parameter selection is an important research pros-
pect, since it can possibly reduce the need for manual value tuning.
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The obtained results provide basis for further research in scene analysis based on object signifi-
cance metric. The critical role of parameter selection and coefficient weighting in such methods is
also highlighted, marking the problem of optimization technique configuration adaptation for various
3D scenes.
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METOA BHEAPEHUA CUCTEM KAJTEHAAPHOIO
NAAHUPOBAHUA B AUCKPETHO-HENPEPbIBHbIX
NMPOU3BOACTBAX: MPUMEP HIN3

P.A. UWaudynnun =

CaHkT-MNeTepbyprcknii NoAnUTEXHUYECKUA yHUBEepcuTeT MNeTpa Benunkoro,
CaHkT-NeTepbypr, Poccuitickaa Pepepauma
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Annoramus. B paboTe paccmaTrpuBaeTcsl KOMILJIEKCHAs 3a1ada KaJeHIapHOTro IJIaHUpPOBa-
HUSI HEMPEPbIBHBIX MPOU3BOICTB, TAKMX KaK HedTenepepadaTbiBalolie 1 HehTeXuUMUIYeCKue
npennpudTys. [TonpoOHO aHATU3UPYIOTCS XapaKTepHBIC TTPOOJIEMBI CYIIECTBYIOIINX MOJEIICH,
BKJTIOYAsI CJIOXKHOCTh yUeTa BCeX TEXHOJOTMYSCKMX M JIOTUCTHYECKUX OTpaHMYCHUI, TPYTHO-
CTH 3KCIUTyaTallid W OTpaHMYCHHOE BpeMs Ha ITOATOTOBKY M BepupUKaInio TJIaHOB. B Kaue-
CTBE peIIeHMSI TIpeyiaracTcs MeToaKa BHEIPESHUS W3 IISITU 1IaroB: 1) arpernpoBaHUe MOLCITU
D11 00ECIIeYeHMST ee Pa3pelIiMOCTH M TOYHOCTH, 2) BBIOOP CIIOCOOOB aKTyaau3alluy JTaHHBIX
(pyuyHoOIi, aBTOMaTU3UPOBAaHHBII, aBTOMaTU4YeCKUi), 3) agamnTalus MoJjib3oBaTeseil mocpes-
CTBOM CTPYKTYPMPOBAHHOTO Ipollecca TNIAHNPOBAaHUS M aBTOMAaTHYECKHUX ITPOBEPOK, 4) obe-
CIICUCHNE aIIUTUBHOCTH MEXKAY MECSIYHBIMU IJTaHAMKW Ha OCHOBE JIMHEWHOIO IPOTpaMMU-
POBaHUS U CMEHHO-CYTOUHBIMU I'papuKaMu, 5) aBTOMaTUUECKUI KOHTPOJIb aCUHXPOHHOCTHU
IUtaHa U dakTa IS BBISIBICHUS OTKIOHEHMIT. MeTonnKa BCTpOeHa B IPOIECC BHEAPEHUS CH-
CTEeMBbI, CBSI3bIBasi METOMOJOIMYECKHME MPUHIIMITBI C KaXXIbIM 3TAalloM MPOeKTa, 1 MPeACTaBIsIeT
co00# TUpaKUPyeMbIii TTOAXOH, TPUMEHUMBIN K HEPTEXMMUUECKUM U APYTUM HEMPEPbIBHBIM
MIPOM3BOACTBAM M O0CCIIEUMBAIOIINIA CO3MaHNEe YCTOMIYMBOM M aIeKBAaTHOM CHUCTEMBI, CITOCO0-
HOI (DYHKIIMOHMPOBATH B YCIOBHSIX BHICOKOW TMHAMMKU U CJIOXXHOCTH COBPEMEHHOTO ITPOM3-
BOJICTBA.

KoueBblie ciioBa: KajeHIapHoOe IJIaHUpOBaHuUeE, HedTenepepadaTbiBaOIINiA 3aBOI, MOJIE/IH TIja-
HUPOBaHMS, METOJ BHeaApeHus, APS

Jlna marupoBammsa: Shaidullin R.A. Method for implementing scheduling systems in dis-
crete-continuous production: the case of oil refineries // Computing, Telecommunications and
Control. 2026. T. 19, Ne 2. C. 81—-94. DOI: 10.18721/JCSTCS.19208

Introduction

The efficiency of continuous production facilities, such as oil refineries and petrochemical plants,
depends directly on the consistency of long-term volume planning, operational monthly plans, and
shift-level production schedules. Significant financial losses, such as missed delivery deadlines, vessel
demurrage, and non-optimal use of storage capacity, are caused by the inability to translate high-level
plans into feasible, short-term schedules [1]. Despite the availability of commercial APS/MES solu-
tions, implementations of production scheduling systems remain rare and often do not yield sustainable
benefits [2].

The core difficulties are well known: models that fully capture all technological and logistic con-
straints become computationally intractable; manual updating of large volumes of input data con-
sumes time that is simply not available for short-horizon rescheduling; coordinating models at several
planning levels requires substantial manual effort; and plan vs actual analysis cannot be performed
with the necessary frequency and depth.

© Waiipynnun P.A., 2026. U3gaTenb: CaHKT-MeTep6yprckuil MoNMTEXHUYECKUIA YHUBEPCUTET MeTpa Bennkoro
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This paper presents a systematic method for implementing production scheduling systems that si-
multaneously addresses these problems. The method is structured around five interrelated principles:

1) aggregation,

2) actualization,

3) user adaptation,

4) additivity of plans,

5) asynchrony of plan vs actual.

Though the method is described for an oil refinery, it is designed for continuous and semi-conti-
nuous process industries in general.

Production scheduling in the process industries has been studied from several directions.

Approaches to the production scheduling problem are divided into deterministic and non-deter-
ministic [3], employing both exact and heuristic solution methods

Mathematical programming

The dominant optimization approach is Mixed-Integer Linear Programming (MILP) [4]. MILP
models can explicitly account for unit operating modes, tank capacities, and material quality con-
straints and have been extended to multi-product inventory logistics [5]. However, full-scale refinery
models quickly become computationally intractable, which prevents their use for frequent, short-ho-
rizon rescheduling [4].

Simulation

Simulation models reproduce the dynamic behavior of production through rules and state changes
[6] and have been employed for operational scheduling and plan vs actual analysis [7]. Among the
main approaches to simulation modeling, one can distinguish the object-oriented approach, agent-
based modeling, and distributed simulation [8]. The main drawback of simulation is the need for
extensive manual control to find an acceptable schedule, making them time-consuming for daily use.

Decomposition and aggregation

To manage complexity, decomposition-coordination methods divide the plant-wide problem into
sub-problems by production stages [9]. Aggregation techniques reduce model dimensionality by sim-
plifying resources and time scales [10]. While computationally effective, these approaches introduce
the problem of ensuring consistency and feedback between the sub-models and the original problem.

Heuristic methods

Rule-based and metaheuristic algorithms can find acceptable solutions quickly [11], but they sac-
rifice optimality and require significant tuning by experienced users.

The analysis reveals that existing approaches treat individual aspects of the scheduling problem
in isolation — model formulation, algorithm, or data integration. While comprehensive reviews and
integrated views on scheduling models and tools exist [12], no holistic implementation methodology
has been proposed that simultaneously addresses the choice of model granularity, automation of data
actualization, coordination of multiple planning levels, and operational control of plan vs actual de-
viations. This gap is the starting point of the present work.

Planning models issues

Despite numerous scientific works devoted to production scheduling tasks and the availability of
commercial products created to solve these tasks, current implementations of scheduling systems
for oil refining productions are rare. Analysis of the features of models and planning systems, data
sources, as well as the implementation process at refineries, reveals a number of issues with existing
approaches to this task.
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Issue 1. The model does not account for all constraints

Sequential Linear Programming (SLP) methods, used in modeling systems such as PIMS by As-
penTech!, RPMS by Honeywell?, Plan by Nauka LLC?, and Production Modeling System for Oil
Refining and Petrochemistry (SMPR) by Centre of Digital Technologies LLC [13], excellently solve
the task of monthly volumetric planning for oil refining production considering flow quality indica-
tors, but are not applicable for the production scheduling task, as the models of these systems do not
account for logistical constraints (tank farms, loading racks). Therefore, to account for these con-
straints, it is necessary to use other models and solution methods.

Issue 2. The model is difficult to use

Simple mathematical planning models may not account for all necessary constraints. For example,
using a simple tabular simulation model created in MS Excel, one can easily create a schedule for
petroleum product shipments with daily detail, but the capacities of loading racks, the operation of
tanks and events lasting less than a day will not be accounted for.

When using complex mathematical models and methods, e.g., optimization MILP models or heu-
ristic methods, problems arise with their configuration to obtain a solution, the input of additional
constraints necessary to account for features that emerged after the model was put into operation, as
well as the problem of interpreting and analyzing the obtained solution.

After analyzing the obtained solution, a need for its adjustment may arise because either the model
does not account for all constraints, or the user possesses knowledge about upcoming events that are
unavailable to the model as source data. For example, the priority of producing a certain product, a
decrease in unit capacity, or the need to empty a tank below the minimum inventory level. In such a
case, the user must either add a constraint to the model or manually correct the obtained solution.
When using an optimization model, introducing an additional constraint can lead to a change in the
solution over the entire planning horizon or to an infeasible solution. Consequently, the need for
re-analysis of the obtained plan or schedule arises. This necessity also arises when using other models
and methods.

Issue 3. Limited time for schedule preparation

Planning department employees can spend from one day to a week preparing the monthly volume
plan. The preparation process occurs before the start of the planning period, for example, by the 25th
of the month preceding the planning period. The monthly production plan undergoes approval and
endorsement in several divisions of the plant and the oil company. The calculation of the plan itself
using an optimization model takes no more than 5 minutes; however, the preparation of source data,
model actualization, analysis of results, and plan coordination take significant time.

Significantly less time is allocated for the preparation of the production schedule. For example,
a production schedule with a 24-hour planning period cannot take more than one day to prepare; a
schedule with a one-shift planning period cannot take more than one shift; and a plan with a one-
hour planning period cannot take more than one hour. Thus, the time for preparing and verifying
source data, calculating, and analyzing the obtained results is limited.

When preparing data for calculation using a production scheduling model, data from other mod-
els are used, for example, from current planning models and balance models, as well as from various
source data systems (Fig. 1).

! AspenTech | Process Engineering, Asset Performance Management, Digital Grid Management Al Software | Industrial Digital Transformation,
Available: http://aspentech.com/ (Accessed 14.11.2025).

2 Process Automation | Honeywell, Available: https://process.honeywell.com/ (Accessed 14.11.2025).

3 IT-kompaniia NAUKA - tsifrovizatsiia protsessov i proizvodstv [IT company NAUKA — digitalization of processes and production], Availa-
ble: https://ntik.ru/ (Accessed 14.11.2025).
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Fig. 1. Interaction of the production scheduling model with other models and data sources

Time during source data preparation can be spent not only on forming the conditions for solving
the problem but also on detecting and correcting discrepancies between the production scheduling
model and the source models/systems. Thus, a new stream in the LP model, not accounted for in the
production scheduling model, can lead to an inadequate production schedule.

When using several models with different time scale, the task of correlating the obtained results for
nested time intervals arises. The solution of the monthly planning model does not contain instruc-
tions on how and in which period to implement the monthly assignments. Similarly, a production
schedule with a daily planning period does not specify how production should function within a day.
At the same time, the solution of the monthly planning model contains source data for production
scheduling models.

Issue 4. Interrelation of planning models

Solving the production scheduling task as a whole for the entire production with the required
detail (in terms of days/shifts, hours/minutes/events) does not seem feasible. For mathematical pro-
gramming methods, the difficulty lies in the high dimensionality of the models. Simulation modeling
methods require a large amount of manual control to find a solution. Heuristic methods do not guar-
antee achieving an optimal solution. Therefore, the planning task is divided into parts — production
stages, for example, feedstock receipt, primary and secondary processing, blending and packaging of
finished products, product shipment (Fig. 2).

The process of decomposition into subtasks can be performed not only in terms of parts of the
production but also in terms of time (planning horizon, time discretization) and the detail level of
production parts (accounting for part of the technological constraints).

When using several models for different parts of the production or with different detail levels accord-
ing to the technological scheme, it is necessary to consider the interrelation of these models (Fig. 3), and
hence the systems ensuring their construction, data population, solution, analysis, and output of results.

Violation of the interrelation of models causes erroneous calculations: operating conditions, as
well as the production itself, can change, and therefore the models of this production must change.
If model changes occur uncoordinatedly, the solution of the production scheduling task ceases to be
adequate.

Issue 5. Plan-vs-actual analysis

The actual operation of production should correspond to the calculations produced using planning
models, i.e., the actual should be close to the plan, which is verified by their comparison. When us-
ing several models that solve the planning task for different production areas or with different detail,
comparing their calculation results with the actual remains relevant but is complicated by the large
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number of compared parameters and the limited time necessary for conducting the plan-vs-actual
analysis and making a decision on plan adjustment.

The above list of problems must be taken into account when optimizing the work processes of
production scheduling at a refinery, namely when choosing a production scheduling system and the
process of its implementation (methodology).

Proposed method

The proposed method consists of five steps, briefly outlined in [14], that must be performed jointly.
Each step corresponds to a principle derived from the issues identified in previous section.

Step 1. Model aggregation

A planning model is a description of a technological object, with the help of which one can an-
swer the question of how this object will operate in the future. The model consists of elements of the
technological object, such as units, tanks, pipelines, etc. It must account for the parameters of these
elements, for example, capacity constraints, volume, flow rate, etc. Furthermore, the model uses
for planning a set of source data that establishes the correspondence of the model elements with the
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Fig. 4.1. Detailed model of a CDU: 1) crude oil pump; 2) heat exchangers; 3) condensers-coolers;
4) hot pump; 5) chillers; 6) furnaces; K1—3 — distillation columns
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Fig. 4.2. Simplified model of a CDU

current (tank inventories) and target (shipment plan) state of the technological object. Thus, we can
speak of three components of the model:

1) element description,

2) parameters,

3) source data.

The same technological object can be described by models of different detail levels.

Firstly, the level of detail is set by the number of elements used to model a particular technological
object. For example, an atmospheric-vacuum Crude Distillation Unit (CDU), consisting of pumps,
heat exchangers, coolers, furnaces, and columns, can be represented as a single model element with
incoming and outgoing petroleum product streams (Fig. 4.1). If the goal is to obtain a plan for this
unit’s operation requiring forecasting of product output depending on feedstock properties and ca-
pacity, there is no need to consider its technological device, and the chosen level of aggregation allows
simplifying the model (Fig. 4.2).

Secondly, the number of parameters and constraints related to a single element also determines the
model’s granularity. To schedule tank farm operations, it is necessary to consider minimum and maxi-
mum tank inventory constraints. Additionally, there could be a requirement for the model to consider
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the desired minimum and maximum inventory level. Such constraints will increase the complexity of
the planning model but also will allow more accurate schedule.

Thirdly, the number of parameters and input data required for a model’s validity depends on the
number of elements. For example, a model for a 20-tank tank farm requires twice as much data on
tank constraints and initial conditions as a 10-tank farm.

Overview of step 1

The level of detail of the scheduling model is chosen based on two criteria: the accuracy required
for decision-making and the computational time acceptable for the given rescheduling frequency. Ag-
gregation refers to the number of modeled elements (e.g., representing an entire crude distillation unit
as a single node with input/output streams vs detailed flowsheet) and the set of constraints (e.g., hard
capacity limits only vs additional desired inventory bands). The chosen level of aggregation directly
determines the feasibility of subsequent automatic actualization and user interaction.

Step 2. Data actualization

Actualization means bringing the model into conformity with the current production situation.
The model’s parts are updated with different frequencies: model elements and their parameters
change rather rarely, typically during modernization, repair, or commissioning of new production
facilities; source data for calculation, on the contrary, change frequently.

Manual, fully automated, or semi-automated — these are methods of model actualization in con-
sideration.

With the manual method, the user makes the necessary changes to the model using the graphical
interface of the planning system. The manual actualization method is characterized by high time
consumption, proportional to the model’s detail (see aggregation level), as well as a high probability
of errors when making changes to the planning model, setting parameters, and entering source data.

The fully automated method involves configuring the information system services so that changes
to the planning model are made without user, for example, based on changes in an external applica-
tion’s database or by automatically importing a file with the necessary data. With the fully automated
actualization method, it is necessary to establish a relationship between the planning model and data
sources and have data integration and validation tools.

The semi-automated method is intermediate between manual and fully automated ones, as it re-
quires the user participation, for example, to select only specific data for import, put additional in-
formation to this data, or manually specify the correspondence between the data source and a model
element.

An information system that actualizes the model can update the model’s components using various
methods, presented in Table 1.

Table 1
Example of planning model actualization methods
Actualization Method
Model Components
Manual Fully Automated Semi-automated

Element’s description v

Element’s parameters v

Tank Source Data v

Quality Source Data v

Order Source Data v
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The interrelation of the aggregation level with the choice of actualization method can be demon-
strated by the following example. Let a planning model have a parameter specifying the minimum
oil product level in a tank. A period in which the oil product level in the tank is below the minimum
contains non-zero penalty variables, indicating a violation of this constraint, and the solution is con-
sidered inadequate. However, after the completion of scheduled tank maintenance, the inventory in it
is less than the constraint set in the model, which leads to the appearance of non-zero penalty values.
Eliminating the presence of non-zero penalties in this situation can be achieved in various ways:

1. One can modify the planning model so it will take into account the possibility of violating the
minimum tank inventory constraint after coming out of scheduled maintenance. This will affect the
model’s level of detail and complicate its structure.

2. The planning model remains unchanged, but an actualization method is created where the pa-
rameter specifying the minimum tank inventory will be zero or equal to the residue in the tank after
the completion of maintenance. In this case, it is necessary to calculate or estimate the time it will
take for the tank to fill to the minimum level in order to restore the real constraint value.

The second option can be implemented with fully automated and semi-automated methods of ac-
tualizing source data and model parameters. With the manual actualization method, this option would
require significant time from the model user and could be a source of model configuration errors if the
user does not return the constraint value to its original state.

When choosing a method for actualizing source data, the frequency of calculation using the model
is decisive: when calculating once a month/week, there is enough time for the manual actualization
method; when calculating once a day/hour and with a large volume of data, there will not be enough
time for manual data update, validation, and entry into the model. Thus, to use the manual method of
source data actualization, it is necessary either to reduce their volume, i.e., aggregate the model (see
aggregation level), which will entail a decrease in the adequacy of the obtained plans, or to perform
calculations less frequently (once a week), which will entail an increase in reaction time to changes in
the production situation and reduce planning efficiency. Fully automated and semi-automated actual-
ization methods solve these problems; however, they require establishing relationships between data
sources and the planning model and using integration tools.

Overview of step 2

For each component of the model (structure, parameters, initial data etc.) a concrete method of
update (manual, fully automated, and semi-automated) is fixed according to the frequency of change
and the available integration infrastructure. For example, laboratory quality data are updated auto-
matically from LIMS, while the activation of a new process unit is entered manually. The decision is
critical: with shift- or hour-level rescheduling, manual data entry becomes impossible without sacri-
ficing timing or accuracy. Fully automated and semi-automated actualization eliminates this bottle-
neck and prevents configuration errors caused by missed or delayed updates.

Step 3. User adaptation

As with the implementation of any complex information system, users are main reasons of the
success or failure of the project. The adoption of the system, as well as new workflows, also depends
on the system’s users.

On the one hand, users can undergo formal training on the use of the system and new workflows,
in the form of a user course, and gain an understanding of how to use the scheduling system for their
daily tasks. However, it is worth noting that although this approach will allow the system to be handed
over for industrial operation and used successfully for some time after commissioning, it does not
guarantee the maintenance of a lasting effect from the implementation of the new information system.

On the other hand, the participation of key end users in the project implementation process, un-
dergoing in-depth training in the form of a series of advanced user courses, will allow them to view
the system not as a “black box”, but as a flexible tool for performing and optimizing daily work tasks.
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At the same time, the topics of advanced training must include model creation, mathematical aspects
of finding a solution, configuration, and system support. This approach requires a certain level of
training from the users.

Regarding the optimization of business processes, in addition to the requirements for the level of
training of end users at the time of handing over the system for trial operation, it is also necessary to
consider the degradation of user knowledge over time, or the complete disappearance of this knowl-
edge when team members change, which happens quite often due to promotions of planning depart-
ment employees or staff turnover.

Furthermore, training materials, courses, and user support materials must be updated with product
updates, and this imposes certain requirements on the software vendor.

The level of detail of the planning workflow, which is the result of optimization/re-engineering of
scheduling business processes, is directly related to the user and their level of mastery of the system.
The planning workflow must be sufficiently detailed, but not overloaded, so that it can be compre-
hended. The aggregation level and the model actualization method directly influence the level of de-
tail of the planning workflow, which, in turn, affects the efficiency of using the implemented planning
system.

Overview of step 3

The planning workflow and system interface are designed so that the user perceives the system as
a transparent decision-support instrument, not as a “black box”. The workflow must be sufficiently
detailed to reflect the actual work of the planning department but not overloaded. Special attention is
paid to the degradation of user knowledge over time and during staff rotation; therefore, the workflow
is reinforced by automated validation checks that prevent typical human errors.

Step 4. Additivity of plans

Additivity is a property of quantities, consisting in the fact that the value of a quantity corresponding
to a whole object is equal to the sum of the values of the quantities corresponding to its parts.

Planning is always conducted at several levels. Starting from investment plans for several years and
ending with hourly schedules or event-based periods. The planning workflow, which is the result of
optimization/re-engineering of planning business processes, is responsible for the sequence of actions
during planning, the identification of stakeholders, and data flows in planning.

The planning workflow must consider the sequence of plan calculations, and this means the inter-
action of several plans, when the results of one are the source data for the calculation of another, and
then the results of the second adjust the first, thus establishing feedback. The interaction of plans is
the interaction of several systems (and/or their models) of different planning levels, or of one model,
but calculated for different source data (which is quite rare). At the same time, the workflow must
consider the detail level of the models, the method of actualization, and user adaptation.

Overview of step 4

Consistency between the results of models at different planning levels is enforced procedurally
and mathematically. The monthly LP plan serves as a set of target volumes for the scheduling mod-
el, while the schedule, once calculated, provides feedback on the achievability of those targets. This
creates a closed-loop management cycle and eliminates the situation where the schedule contradicts
the monthly plan.

Step 5. Asynchrony of plan and actual

Planning is a corrective process, so it is necessary to know the current state, the target state, the
deviation, and, moreover, to respond appropriately to identified deviations. The planning system must
automatically account for the plan deviation from the actual, considering the actualization method:
perform data collection, comparison, analysis, and presentation of results in the form of reports or
recommendations. Report generation must satisfy the principle of user adaptation, and recommen-
dations for adjustment must satisfy the principle of plan additivity. In addition, actual data on the
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production state may come from systems that have a different object detail, which establishes a con-
nection with the aggregation principle.

Overview of step 5

A mechanism for the automatic detection of deviations is built into the system. Scheduled and
actual inventories, material movements, and shipments are compared at every calculation cycle. Dis-
crepancies are visualized, and rule-based recommendations for plan adjustments are generated. This
automates the labor-intensive plan-vs-actual analysis and guarantees that the schedule remains rele-
vant under changing production conditions.

Advantages of the proposed method

The five-step method provides several measurable and qualitative advantages over conventional,
isolated implementation approaches. A comparative summary is given in Table 2.

Table 2
Comparison of approaches

Criterion MILP Standalone Simulation | Decomposition Proposed Method

Solvability for large problems Low High (manual search) Medium High (guided aggregation)
. . . Short (automated
Schedule preparation time Long Long Medium actualization)
. . . . . Medium (structured

User expertise required Very high Medium High workflow)
Cross-model consistency Low Low Medium High (additivity principle)
Plan-vs-actual analysis Manual Semi-automated Manual Automated (asynchrony)

Quantitatively, pilot applications at a refinery site showed a reduction in schedule preparation time
from approximately eight hours to three to four hours, and the elimination of data transfer errors
between the monthly plan and the daily schedule. The key qualitative advantage is the creation of a
single, consistent version of the production plan across all management levels, which is automatically
maintained over time through the principles of actualization and asynchrony.

Implementation framework

The implementation of a production scheduling system is carried out similarly to the implemen-
tation of any information system for production automation, and both agile methods, the waterfall
approach, and a hybrid approach can be applied [15]. The stage-wise sequence presented below cor-
responds to the classic process of creating automated systems, regulated by GOST 34.601-90 “Auto-
mated systems. Stages of development” or ISO/IEC 12207 “Systems and software engineering — Soft-
ware life cycle processes”. The project stages when implementing the waterfall and hybrid approach
are the following:

1. Site survey and technical requirements development.

System design.

Development and actualization of production scheduling models.
Model testing of the system.

System deployment on site.

System integration.

User training.

Trial operation.

Model adjustment and handover of the system for industrial operation.

A A i
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When implementing a hybrid approach, stages 1—9 can be carried out iteratively and only for a
specific functionality of the system being developed in a sprint.

At the first stage, a survey of the refinery is carried out, during which the production technology,
available documentation, technological parameters, statistical data on equipment loading, produc-
tion volumes, feedstock supply, and product shipment are studied. Data on laboratory operations are
also collected. Information is gathered about the plant’s information systems that are sources and
consumers of data for the planning system. Also, during the first stage, the technical requirements for
the system are developed and approved, detailed based on the survey results.

At the second stage, system design is carried out, during which a technical (or preliminary) design
is developed. The technical design includes the system architecture, component interaction diagrams,
integration interfaces with other systems, and specifications of equipment and software. The prelim-
inary design contains preliminary solutions and concepts that are detailed in the technical design. At
this stage, the planning workflow is also developed.

At the third stage, based on the approved design solutions, the development and actualization of
production scheduling models are carried out. The models are populated with data, parameterized,
and configured in accordance with the plant’s technological processes.

At the fourth stage, model testing of the system is conducted. Testing is performed on an isolated
stand using actual and planned data to verify the correctness of calculations, the adequacy of the
models, and the functionality of the planning algorithms.

At the fifth stage, the system is deployed at the plant site. Server and client software are installed
and configured, databases are deployed, and the infrastructure is prepared.

At the sixth stage, work is carried out to integrate the production scheduling system with other
enterprise systems (e.g., ERP, MES, LIMS), which are sources and consumers of data. Automated
information exchange flows are configured.

At the seventh stage, users are trained to work with the system, configure it, update existing plan-
ning models, and create new models.

At the eighth stage, the system is handed over for trial operation. At the plant, the adequacy of the
production scheduling models under real conditions is checked, software and model errors are iden-
tified, and requirements for additional reports and functionality are formed.

At the ninth stage, based on the results of trial operation, the system’s models and software are ad-
justed, necessary reports are created, and documentation, including the planning workflow, is updat-
ed. After eliminating all identified problems and successfully completing acceptance tests, the system
is handed over for industrial operation.

The nine-stage implementation process is not a mere project plan but the operationalization of
the five-step method. The Aggregation level is formalized during Site Survey and Design. The Actu-
alization method is configured during Integration. User Adaptation is realized through training and
trial operation. Additivity and Asynchrony are embedded as functional requirements during System
Design and are validated during Model Testing and Trial Operation. This explicit link between the
methodological principles and the project stages distinguishes the approach from conventional system
deployments and is the critical factor for long-term sustainability.

Conclusion

The analysis presented in this paper revealed that existing approaches to production scheduling
fail in industrial practice not because of model inaccuracy, but because of the absence of a holistic
implementation methodology that simultaneously addresses model aggregation, data actualization,
plan consistency, and user involvement.

The main result of the work is a novel five-step implementation method (aggregation, actualiza-
tion, user adaptation, additivity, asynchrony) that systematically guides the design, deployment, and
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operation of a scheduling system. Unlike previous works that focus on isolated algorithmic perfor-
mance, this method ensures the system’s viability in a real production environment.

Application of the method led to a reduction of schedule preparation time by approximately 40%,
complete elimination of errors caused by manual data transfer between planning levels, and the cre-
ation of a single, synchronized planning cycle. The method provides a replicable framework that is
currently being extended to other continuous process industries, confirming its generality beyond oil
refining.
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Abstract. Cyber-physical control systems must satisfy strict constrains on the magnitude of
control actions and the rate of signal change, while simultaneously balancing multiple, often
conflicting, control objectives. In multi-objective optimization (MOO) problems, the optimizer
naturally produces a set of competing control candidates. However, in closed-loop operation, a
single implementable control action must be selected at each sampling instant. In practice, this
selection is typically performed through fixed scalarization rules, which can lead to performance
degradation under changing operating conditions in the case of non-convex Pareto fronts or
poorly scalable objectives. This work aims to improve the quality of control based on MOO through
a decision support system that accounts for the structure: the proposed architecture decouples
online Pareto-front construction from action selection. A heuristic multi-objective optimization
algorithm based on the NSGA-II genetic algorithm generates feasible control sequences under
magnitude and rate constraints, while a learned selector, denoted as Learned Pareto Filter
(LPF), evaluates these candidates using structural features that account for both individual
characteristics of the solutions and their interrelations within the Pareto set. The method is
evaluated on two benchmark problems. First, a system with an analytically known Pareto front
structure is used. Second, the approach is validated on a nonlinear boiler-turbine load-changing
scenario, widely used in constrained nonlinear control studies. The results demonstrate that
LPF-based selection produces smoother control actions, improved tracking performance, and
greater robustness to regime changes compared to objective-based scalarization methods. The
findings confirm that, in Pareto-based control, closed-loop quality depends critically on the
selection mechanism rather than solely on the optimizer generating the Pareto set.
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Annoramus. Kubepdusmueckue cucteMbl yIpaBiaeHUST TOMXKHBI YIOBIECTBOPSATH CTPOTUM
OrPAaHUYEHMSIM T10 BEJIMYMHE YIPaBISIOIIMX BO3ACHCTBUI M CKOPOCTH M3MEHEHUs CUTHala,
OIHOBPEMEHHO obecrieunBasi 0agaHC MEXIY HECKOJbKUMM (4aCTO MPOTUBOPEUMBBIMU) LIS~
MU yhpaBiaeHus. B 3amayax MHOTOKpUTEpUAJTbHON ONTUMHU3ALMU ONTUMU3ATOP E€CTECTBEH-
HBIM 00pa30M TeHepHpPYyeT MHOXKECTBO KOHKYPUPYIOIINX KaHAUIATOB Ha yrpaBieHne. OmHAKO
B 3aMKHYTOM KOHTYpPE Ha KaXJOM LIare AUCKPETU3alUu TPeOYeTCs BbBIOpaTh €IMHCTBEHHOE
peanu3yeMoe yIpasJisiollee Bo3neiicTBue. Ha mpakTuke 3TOT BBIOOP OOBIYHO BBIMOIHSIETCS C
MOMOILbIO (PUKCUPOBAHHBIX MPABUJ CKATSIPU3ALMU, YTO MOXKET MTPUBOAUTH K YXYIUIEHUIO Xa-
PaKTepUCTUK MPU U3MEHEHUN PEXMMOB IKCIUTyaTalluM B ClIydyae HEBBIMYKJIOU (popMbl ppoH-
Ta [lapeTo uau TpymaHO MacluTabupyembix Kputepusix. [JaHHas paboTa HampaBjieHa Ha IO-
BBILIEHNE KAayeCcTBa YIPABJIECHUSI, OCHOBAHHOTO HA MHOTOKPUTEPUATbHOW ONTUMU3ALIUU, HA
0a3e CHCTEeMBI IMOAICPXKXKN MPUHITHUS PEIICHUN, YIUTHIBAOIICH CTPYKTYPY: MPeaI0KeHHBIN
METOJ pas3deisieT 3Tall OHJaiH-mocTpoeHus dpoHTa [lapero m aTam BbIOOpa YIIpaBISIOLIE-
rO BO3AEUCTBUSI. DBPUCTUYECKUI aJTOPUTM MHOTOKPUTEPUATBHONU ONTUMU3ALMM, OCHOBaH-
HbII Ha reHeTndyeckux aaroputmax NSGA-II, reHepupyeT OOMyCTUMBbIE MOCAEA0BATEIbHOCTU
YIIPABJSIONIEr0 BO3AEHCTBUS C YYETOM OTPAHUYEHUN MO BEJIUYMHE U CKOPOCTU U3MEHEHMUIA,
TOTAA KaK MPemJIOKEeHHBI o0y4aeMblii celekTop, 000o3HaueHHbI Kak Learned Pareto Filter
(LPF), oeHmBaeT 3TUX KaHAWIATOB, MCIIOIB3YSl CTPYKTYpHBIC TIPU3HAKY, YUUTHIBAIOIINE KaK
WHIWBUIYaJlbHbIE XapaKTePUCTUKHU PEIICHU, TaK M UX B3aMMOCBSI3M BHYTPpM MHOXecTBa [la-
pero. MeToJ olieHMBaeTCsl Ha IBYX 3TAJIOHHBIX 3ajayax. Bo-mepBbIX, UCMOb3yeTCsl cucTeMa ¢
aHAJIMTUYECKU U3BECTHOU CTpykTypoil dpoHTa I[lapeTo. Bo-BTOphIX, MOAX0OA MpOBepsieTcs Ha
HeJMHEHON 3aJaye U3MEHEHUSI HArpy3Ku KOTJIOTYPOUMHHON YCTaAaHOBKM, IIMPOKO UCMOJIb3ye-
MO B UCCJIEIOBAaHUSX YIIPABICHUS HEJIMHEMHBIMUA CUCTEMAMU C OTPAHUYECHUSIMU. Pe3ynbraTsl
MOKAa3bIBaKOT, YTO BEIOOp Ha ocHOBe LPF obGecneunBaeT GoJjiee riaakue yrpapisioline Bo3aeii-
CTBUSI, YAYYIIEHHYIO TOYHOCTD CJEKEHHUSI M OOJBIIYI0 YCTOMUMBOCTh K U3MEHEHMSIM pexkuma
10 CpaBHEHUIO C METOAAaMHU, OCHOBAaHHBIMM MCKJIOUUTEJ]bHO Ha CcKalspu3aluu KpUTEepUEB.
ITonyyeHHbIe BBIBOABI MOATBEPXKIAIOT, UYTO KadyecTBO IlapeTo-OpMEeHTHMPOBAHHOTO YIpaBie-
HUS 3aMKHYTBIM KOHTYPOM B KPUTUYECKOI CTEMEHU OIMpeaeasIeTcss MeXaHUu3MOM BbIOOpa, a He
TOJIbKO ONITUMU3ATOPOM, (popMupyrommum MHoxecTBo [Tapero.

KiioueBble ciioBa: MHOTOKpUTEpHAIbHAas ONTUMM3ALIAS, MOIEJIBbHO-IIPOTHOCTUYECKOE YIIPaBJe-
HME, CUCTEMBI TTOANCPKKYU MPUHATHUS pellieHnit, otoop 1o ITapeto, rpadoBble HEpOHHBIEC CETH,
yIpaBJieHUe HEJIMHEWHBIMU CUCTEMaMU C OTPaHUYEHUSIMU
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Introduction

New-generation cyber-physical systems are increasingly required to operate within strict safety
envelopes, under hard actuator bounds and rate constraints, while simultaneously satisfying multiple,
and often conflicting, performance objectives. This requirement is particularly pronounced in energy
and process industries, where strong variable coupling, nonlinear dynamics, and continuously shifting
operating regimes render controller design a nontrivial task. Thermal power units and boiler-turbine
systems constitute representative examples: they must guarantee safety-critical constraints while delive-
ring the demanded power output despite nonlinear interactions and multivariable dependencies [1—3].

Such characteristics naturally motivate control paradigms that explicitly incorporate constraints and
performance trade-offs, rather than reducing the problem to a single aggregated objective. In this con-
text, Model Predictive Control (MPC) has emerged as a principled framework for constraint-aware
decision making and has been widely adopted in industrial practice [4, 5]. Nevertheless, in highly non-
linear plants, real-time feasibility often necessitates structural simplifications, including local lineariza-
tion, gain scheduling, or fuzzy approximations around operating points [6—9]. Alternative approaches
based on learning-based controllers and evolutionary optimization offer improved adaptability to non-
linearities and uncertainties, yet they frequently introduce considerable computational overhead, which
complicates their deployment in strict real-time environments [10—15]. Consequently, practical control
design becomes a balance between model expressiveness (nonlinear representations, multi-objective for-
mulations, hard constraints) and the need for immediate actionable decisions.

A common strategy for handling multiple objectives is scalarization, where several performance
criteria are combined into a single cost function via weighted sums or related aggregation rules. Al-
though convenient, scalarization requires the selection of preference weights a priori and may become
fragile when the appropriate trade-off varies across operating regimes [16]. In online control settings,
this leads to what may be termed a meta-decision gap: even if a multi-objective optimizer produces a
set of nondominated solutions, the closed-loop implementation requires selecting exactly one control
input at each sampling instant. If the selection mechanism does not reflect the current regime, the
resulting closed-loop behavior may degrade, even when the computed Pareto set is accurate.

To address this meta-decision gap, this paper proposes a structure-aware Decision Support System
(DSS) for multi-objective optimization (MOQO)-driven control. The proposed DSS operates within
a receding-horizon framework. At each step, it constructs an approximate Pareto front of feasible
control sequences that satisfy hard input bounds and slew-rate constraints, and subsequently selects
one candidate using a learned, structure-exploiting selection mechanism. Instead of relying on fixed
scalarization, Pareto selection is formulated as a context-dependent decision problem over a varia-
ble-sized set of alternatives. The selector leverages both per-candidate attributes and relational in-
formation among candidates — such as dominance relations, smoothness properties, and similarity
measures — to adaptively determine the applied control action.

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

* A set-based formulation for online MOO-driven control under hard input bounds and rate con-
straints, where the optimizer returns a feasible Pareto set of control sequences and a dedicated selec-
tor determines the applied input.

* A structure-aware selection mechanism that evaluates Pareto candidates using features cap-
turing both individual and relational properties, enabling adaptive and regime-dependent trade-off
selection without manual weight tuning.

* An experimental validation based on an online Pareto-front construction procedure (NSGA-II)
[17], with comparisons against standard scalarization-based selection rules, demonstrating improved
decision consistency under changing operating conditions.
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Related works

Constraint handling is central in real systems due to actuator saturation and rate limits. MPC
provides a principled framework to embed such constraints directly in control synthesis [4—5]. In
boiler-turbine and related thermal systems, constrained predictive control has often relied on model
simplifications, including fuzzy multi-model schemes and operating-point strategies [3, 6—7], as well
as robust and nonlinear variants built on local models or auxiliary constructions to preserve feasibility
and stability [18—19]. Online linearization and piecewise representations remain common tools to
balance accuracy and computational tractability across regimes [8§—9].

When objectives are nonconvex, discontinuous, or expensive to evaluate, evolutionary computa-
tion offers flexible black-box optimization and has been applied to control design and online tuning
[13—14]. Learning-based controllers can further capture nonlinearities and uncertainties, improving
performance over classical baselines [10—11, 20]. However, real-time deployment is constrained by
training, inference, and repeated optimization costs within the loop [12], motivating architectures
that separate expensive policy search from fast online execution while preserving constraint awareness
and regime adaptability.

MOO naturally arises in constrained control problems involving competing criteria such as track-
ing, energy usage, and safety margins [16]. Evolutionary multi-objective algorithms are widely used
to approximate Pareto fronts in complex spaces [17], yet they do not resolve the core online require-
ment: selecting a single admissible action from a set of nondominated candidates. In practice, scalar-
ization is the dominant baseline, but it encodes fixed global preferences, can miss nonconvex regions,
and is sensitive to scaling and regime changes [16, 21].

Theoretical works on multi-objective MPC analyze how selection rules affect stability and perfor-
mance. Formal multi-objective MPC formulations link Pareto concepts with receding-horizon control
[22], utopia-based selection has been used to reason about stability [23], and hierarchical/lexicograph-
ic prioritization has been studied to avoid destabilizing trade-offs in nonlinear MPC [24]. Moreo-
ver, it has been shown that closed-loop guarantees may be achieved without approximating the entire
Pareto front at each step, provided that an appropriate Pareto-optimal sequence is selected [25]. This
highlights the importance of the selection mechanism itself.

From a decision-support and multi-criteria decision-making (MCDM) perspective, choosing among
Pareto candidates depends on scaling, geometry, and operating context, and fixed scalarizations are
often fragile in practice [21]. Recent learning-based approaches, including multi-objective reinforce-
ment learning (MORL), treat Pareto coverage and online selection as primary objectives, guiding policy
search with predictive signals to improve front quality and adaptability [26]. However, such methods ty-
pically do not emphasize explicit constraint feasibility and receding-horizon structure required in hard
real-time systems.

Taken together, the literature reveals a persistent gap: classical multi-objective MPC provides con-
straint-aware predictive structure and stability analysis under fixed selection principles [21—25], while
learning-based multi-objective control emphasizes adaptive selection but often abstracts away strict
constraint handling [26]. A structure-aware decision support system for MOO-driven control lies be-
tween these paradigms: it preserves explicit constraint feasibility and short-horizon predictive optimiza-
tion, yet replaces fragile fixed scalarizations with learned, context-aware selectors that operate directly
on the structure of the Pareto candidate set.

Problem formulation

Consider a discrete-time controlled system:

xk+1=f(xk,uk), x, €eR", u, eR", (1)

98



4 System Analysis and Control >

operating under hard input bounds and rate (slew) limits:

Au, <u, —u, <Au__, 2)

max ? min

where inequalities are elementwise. At each time step, the controller must choose an admissible ac-
tion that balances multiple, potentially conflicting objectives. Let

& (x)

g(x)=| 2 e 3)

' g,(x)

denote a vector of performance criteria to be minimized. For a horizon H, we define a candidate control
sequence:

Hi
U=(uy, u,..., u,_, ) e R™, 4)
and its predicted terminal state:

X, =0, (x,U); @, (x,U)=f(uyy)oo f(suy)(x,). (5)

The induced multi-objective cost of the candidate is then:

J(Usx,)=g(x,). (6)

To reduce actuator chattering and encourage smooth actions we add a quadratic increment penalty

Iy

1
S(Usu )= |u

1

2
29

U, U =U . (7

i

Il
o

The online decision problem at time k can be stated as a constrained MOO over sequences:
rrbln(J(U;xk),ksS(U;uk_l)), (8)

where U satisfies (2) across the horizon, and ks > 0 trades off smoothness.

The meta-decision gap in Pareto-based control

A central issue in Pareto-based control is that the optimizer returns alternatives, but the closed
loop requires one actionable control input. In many Multiple-Input and Multiple-Output (MIMO)
applications, it is common to collapse the objective vector into a single scalar cost via a fixed linear
combination (weighted sum),

J(U)=2wJ N (U;z,), w,20. 9)

J

While convenient, such scalarizations implicitly assume that preferences are known a priori and
remain valid across operating regimes. Moreover, linear scalarizations can fail to represent important
trade-offs and often require extensive retuning when conditions change. In practice, this “merge-the-
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objectives” step becomes a bottleneck: even if ’Pk is accurate, a poor selection rule can degrade closed-
loop performance.

Learning-based preference modeling

The proposed strategy is to learn a selector m offline from preference labels generated by an oracle
utility u”(+):

>

u,f(l):u*( ,(f);sk), (10)

designed to reflect tolerance-aware preferences. A function approximator is trained to predict ﬁk (1)
from (gk,i ), and the online decision is

. - ("
i = argmax, (i), u, =ty - (11)
This decoupled architecture replaces fixed scalarization by adaptive, data-driven selection while
preserving the underlying multi-objective optimizer. Rather than collapsing to a single scalar objec-
tive. We approximate the Pareto set of nondominated candidates at each step. Specifically, we define
Pareto dominance in objective space: for two candidates U¢ and U?,

U’ <u’ @J(U“;xk)sJ(U”;xk) elementwise and

2
F:J,(Ux, )<, (U ). (2

The (approximate) Pareto front at time £ is then the set of candidates not dominated by any other
candidate in the population:

P(x,)={U el (x,):3U el (x,)st.U < U}, (13)

where Z/{H (x,) denotes the set of feasible sequences under (2). Given P(xk), a selector policy must choose
one candidate to apply in receding-horizon fashion:

Uy =(P(x,). %1, ukz(UZ)O. (14)

Graph neural networks as Pareto-front selectors

A key difficulty in (14) is that the Pareto front is a set whose size and composition vary over time.
Hand-designed scalarizations such as weighted-sum and Chebyshev methods impose a fixed prefe-
rence structure and can behave poorly when the front is nonconvex, poorly scaled, or when the appro-
priate trade-off changes with the state.

Graph neural networks (GNNSs) offer a natural way to map a variable-size set of candidates to
scores while exploiting relational structure. A GNN operates on a graph G = (V, E) with node featu-

res {hv}veV and edge features {e } .. and updates node embeddings through message passing:

m0= 5 (e, ) 05
UEN(V)
A & — ¢(5) (h(f)’m(f))’ (16)
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for layers ¢ =0,..., L — 1, where \(v) denotes neighbors of v. A permutation-invariant readout then
produces a graph-level embedding

«(@)=»((i"), ). o

and finally, a scalar score s(G) is computed by a small predictor head. This architecture is well-suited
to Pareto selection because:

1) the candidate set is naturally represented as nodes,

2) pairwise relations can be encoded as edges,

3) invariance to candidate ordering is required.

LPF filtering under feasibility constraints

We propose a learned selector, denoted as Learned Pareto Filter (LPF), that chooses u, by scoring
Pareto candidates using a GNN. At time k, a multi-objective evolutionary search (NSGA-II) produces
an approximate front

A

P(x)={U",..., U}, (18)
with associated per-candidate attributes
(s, 70 =g (), 8 =5 (005, (19)

We build a graph Gk whose nodes correspond to candidates U”. Node features encode both candi-
date-specific and context features:

By =0(x w6, 9, 59 ) (20)

and edges encode candidate-to-candidate relations, such as dominance indicators, objective-space dis-
tances, or normalized differences in terminal states:

el.j.zn(J(i)—J(j), xg)—xg)). (21)
The LPF model produces a scalar score for each node i:
s, =GNN, (G,;i), (22)

and selects the candidate with minimal score:

* . i*
i =arg min s,, ukz(U( )] . (23)
ie{l,...Ni }
0

Training signal

To ground the learned selector with a concrete notion of progress, we train 6 to imitate a teacher that
is available in simulation. For the benchmark considered in this work, the teacher evaluates a candidate
by the one-step improvement toward the true Pareto set in decision space, optionally with a smoothness
term:

2 R .
o= (), (24)

y/(ci) =dp (’9@1 ) +a ”(()i) Uy
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where dP (v) is a known distance-to-Pareto-set metric in the benchmark and o > 0 controls smooth-
ness. The training objective is mean-squared error

rneinE[(GNNe (Gysi)— ! )2} 25)

eyaluated over graphs produced by rollouts in which the teacher closes the loop. At test time, only
P(xk) and the learned model are used.

Experiments

Decision support effect towards a known Pareto front

To evaluate the decision-support capability of the proposed selector independently of plant com-
plexity, we adopt a controlled benchmark with analytically known Pareto structure. The system is a
discrete-time integrator:

Xe =%, +Tu, x, eR?, u eR’, (26)
subject to elementwise magnitude and slew-rate constraints

U Su, <u

min

Au_ <u, —u,_, <Au__ . 27)

Two conflicting quadratic objectives are defined at the terminal predicted state:
2 2.
gl(x):x1 +x55 (28)

2 (x)&=(x, 1) +(x, -1). (29)

Minimizing g, attracts the state toward the origin, whereas minimizing g, attracts it toward (I, I).
The Pareto-optimal set in decision/state space is analytically known as

P ={(t0)l<[o.1]}. (30)

which provides an exact reference for measuring convergence in both state and objective spaces.
At each time step, an approximate Pareto set over horizon-H admissible control sequences H =

= (U, .--» U, ) is constructed using NSGA-II under constraints. Each candidate is evaluated by:

& (q)H (xk’U))

Im)= & (CDH (xk,U))

9

€2y

H-1

S(Usti) = 2t =

i=

From this candidate set, four selection strategies are compared:

1. WS: fixed weighted sum scalarization.

2. CHEB: Chebyshev scalarization relative to a utopia point.

3. PROJ: oracle baseline selecting the candidate whose terminal state is closest to PX.
4. LPF (ours): learned Pareto filter using a graph neural network.
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Only the first control action of the selected candidate is applied in receding-horizon fashion.
Convergence is measured in both decision and objective spaces. The decision-space distance to the
Pareto set is

d,(x)=min|x- p| (32)

’
PPy 2

while objective-space proximity is measured by distance to a dense sampling of the true front 77);

d;(f)=min|f~q],. /=g(x). (33)

Closed-loop simulations are run for 7 steps from the same initial condition X,, using identical
NSGA-II parameters across all strategies. Training data are generated from simulated rollouts. At
each step, NSGA-II provides a candidate Pareto set. For each candidate, a teacher target is computed
based on one-step progress toward Px:

2

W =d, (x+Tu) )+ aful’ —u, (34)

)

A graph representation of each candidate, encoding objective values, smoothness, and contextual
state information, is used to train a GNN to regress this target via mean-squared error. During data
generation, the oracle PROJ selector is used to ensure coverage of relevant regions of the state space.

Table 1 summarizes the convergence statistics obtained from the closed-loop simulations.
Pareto convergence statistics over 7' = 40 steps.

Table 1
Pareto convergence statistics over 7= 40 steps
Method Final d_ Final df Mean d_ Mean df
LPF 0.314 0.642 0.405 0.663
WS 0.242 0.072 0.751 1.280
CHEB 1.119 1.455 1.082 1.997
PROJ 0.278 0.767 0.609 1.221

Objective-space trajectories during the first control steps for all selectors, overlaid on the true Pareto
front. LPF rapidly aligns its trajectory with the Pareto front, closely matching the oracle-like PROJ
behavior, while WS and CHEB deviate due to fixed scalarization biases.

Fig. 1 provides a geometric interpretation of these results. While all strategies start from the same
initial condition, their trajectories in objective space differ markedly. LPF rapidly steers the system
toward the Pareto front and then evolves along it.

MPC-based control of boiler-turbine unit

To stress-test our strategy, we design the following experiment as a strict ablation of the decision
stage in Pareto-front based nonlinear MPC for the boiler-turbine unit. All components of the control
framework are kept identical to those reported in [27] except for the rule used to select a single control
sequence from the Pareto front. We also decrease the Genetic Algorithm (GA) parameters to keep the
Pareto front estimation in its early stages. This helps reduce calculation time but degrades the effi-
ciency of the control strategy, ensuring that any observed performance difference is solely attributable
to the Pareto front selection mechanism.
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Objective-space convergence (first 9 steps), x0=[2.5, -1.5]

== True Pareto front
—4— LPF

—— WS

—m— CHEB

—&- PROJ]

@

g1(x)

Fig. 1. Objective-space trajectories during the first control steps
for all selectors, overlaid on the true Pareto front

The nonlinear model of a boiler-turbine unit is used without approximation or simplification. The
state dynamics and the algebraic output relations for y,, y,, y, are preserved exactly as reported in
[27]. The sampling time is 7, = 0.1 s. The constraints of magnitude 0 < u,< 1,9 =1, 2, 3 and rate:

~0.007 <1i, 0.007, —2<1i, <2, —0.05<1i, <0.05,

are enforced online through a trimming operator applied to every control update. The system is ini-
tialized at the 120 MW operating point:

Xpo = [137, 120, 299.09]", u,, =[0,563, 0.868, 0.743]',
and the reference is switched at one quarter of the simulation time to the 140 MW operating point:
T
X4 =[148.94, 140.7, 356.3] .
The total simulation time is 400 s. At each policy update, a multi-objective GA searches over a pre-

diction horizon of H = 10 steps. The objectives are defined as the discounted absolute tracking errors
of the three outputs along the horizon,

H-1
Ji= 2y (k)= i=1,2.3,
k=0
with ¥ = 0.9. The GA parameters match those of [27]: population size 80, 40 generations, and NSGA-
II non-dominated sorting.

Figs. 2 and 3 show the system outputs and control inputs during the load transition. We see that,
under the same configurations, the baseline GA fails to control the system near its singular point, and
causes a huge mathematical derived from the system equations. As this drift might not be physically
accurate, the algorithms are working with the mathematical model that indeed has singular points in
the dynamic model. Overcoming this drift is possible by increasing the horizon of the GA, as well as
its genetic capability, like population and number of generations. However, our proposed LPF was
able to avoid the singularity trap under the same configurations, showing a more stable performance.
The main conclusions are:
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Fig. 2. Comparison between baseline GA selection and LPF-based selection during the MW
to MW load transition. The LPF controller achieves smoother inputs and improved tracking performance
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Fig. 3. Comparison between the control signals of the two algorithms

* The LPF-based controller produces significantly smoother control actions, avoiding the oscilla-
tory behavior often selected by the baseline GA policy.

* The tracking of drum pressure, water level, and power output is faster and exhibits reduced over-
shoot with LPE.

* The LPF policy maintains the system inside the physically valid operating region of the boiler
model, preventing the undesirable excursions that appear with purely objective-based selection.

These results demonstrate that the LPF does not alter the optimization process itself, but rather
improves the decision stage by selecting physically consistent trajectories from the Pareto front. This
confirms that structural awareness of candidate solutions leads to better closed-loop performance
than traditional objective-based ranking, even when both methods use the same optimization back-
bone.
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Conclusion

This paper introduced a structure-aware DSS for MOO-driven control under hard magnitude and
slew-rate constraints. The core contribution lies in explicitly addressing the meta-decision gap in-
herent in Pareto-based receding-horizon control: while multi-objective optimizers provide sets of
nondominated candidates, practical implementation requires selecting a single admissible control
action at each time step. By decoupling Pareto-front generation from action selection, the proposed
framework preserves the expressive power of MOO while replacing fragile fixed scalarization rules
with a learned, structure-aware selector. The LPF leverages both candidate-specific attributes and
relational information within the Pareto set, enabling context-dependent trade-off selection without
manual weight tuning. Importantly, the LPF operates as a lightweight module, making it suitable for
real-time constrained control architectures.

Experimental results on an analytically tractable benchmark demonstrated that the learned selector
consistently guides the system toward the true Pareto set more reliably than classical weighted-sum
or norm-based scalarizations. In the nonlinear boiler-turbine load-change scenario, the LPF-based
controller achieved smoother control inputs, improved tracking performance, and avoided singular
or unstable regions encountered by purely objective-based selection, despite identical optimization
backbones. These findings confirm that, in Pareto-based control, the primary performance bottleneck
often lies not in Pareto-front approximation but in the selection stage.

Future work will focus on extending the selector to provide theoretical closed-loop guarantees,
integrating stability-aware training objectives, and exploring transferability across operating regimes
and system classes. Additionally, incorporating uncertainty-awareness and adaptive online refinement
of the selector may further enhance robustness in large-scale industrial applications.
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AnHoramusa. B ctaThe paccMaTpuBaeTCs MOAXOJ K YIPAaBICHUIO HEJIMHEHHBIMU TMHAMU-
YeCKMMMU CUCTEMaMU C MCIOJb30BaHUEM METOIa MHOTOKPUTEPUANbHONW ONTUMU3ALUU, B
KOTOPOM Beca KpUTEpHUEB adalTUPYIOTCS B IIpoliecce ympaBieHUs. B ocHOBe MeToma JIeXUT
yuknus JIgmyHoBa, KoTopast BXOIUT KaK B (PYHKIIMOHAJ Ka4eCTBa, TaK M BBICTYITAET B Kaue-
CTBE OTpaHMYCHUS Ha TPAaeKTOPHUIO cucTeMbl. [IpemnaraeTcss YMCICHHBIN aJITOPUTM, TO3BO-
JITIOIINI TMHAMUYEeCKU HacTpanBaTh Beca KpUTepreB. KpuTepusMu SBISIOTCS YCTOMUYMBOCTH
M DHEpProsarpaTbl, a UX OTHOCHUTEJbHAs 3HAYMMOCTb U3MEHSETCS B 3aBUCUMOCTU OT TEKY-
LIETO COCTOSIHUSI CUCTEMbl U TPACKTOPUU. AanTallksl OCYILIECTBASIETCSI HA OCHOBE TEKYIETo
3HaYeHUS (DYHKUIWU JISTTYHOBA M COCTOSTHUS CHCTEMBI, YTO OOECIIeYrMBacT aBTOMATHIECKYIO
MMPUOPUTH3AIINIO TIejieil 0e3 BMellaTebcTBa orepatopa. [IpoBeaeH YMCIEHHBIN aHAIU3 T0-
BEIECHMSI CHUCTEMBI TIPHM Pa3INYHBIX CXeMaX amanTalluy BecoB. JJIST pacCMOTpEeHHBIX MoOAeIeit
pe3yJIbTaThl YMCJACHHOTO MOICIMPOBAHMS MOKA3bIBAIOT, YTO aJalTHBHAs HACTPOIKa BECOB MO-
KeT obecreunBaTh 00jiee ObICTpoe 3aTyXxaHue (yHKUMU JISmyHOBa M CHMXXEHUE 3HEprosarpar
IO CpaBHEHMIO ¢ (DMKCUPOBAHHOM cKajisipu3alveil. MeToa MpUMMEHUM B 3a1adyax yIpaBjieHUs
MYJIBTUATreHTHBIMU W HEJMHEWHBIMU CHCTeMaMM, BKJIOYas KuOep(hu3ndecKre KOMIIICKCHI,
aBTOHOMHBIE areHTHI U 9HEPTeTUUECKIUE Y3IIbI.

KiroueBbie c10Ba: MHOTOKpUTEpUAIbHOE yIIpaBieHue, QyHKIus JIsmmyHoBa, aganTUBHbBIE Beca, He-
JIMHEIHBIE CUCTEMBbI, YCTOMYMBOCTh

Jlna marupoBanms: Fershtadt M.I., Shashikhin V.N. Adaptive weight adjustment in multicriteria
control of nonlinear systems based on a Lyapunov function // Computing, Telecommunications
and Control. 2026. T. 19, Ne 2. C. 109—122. DOI: 10.18721/JCSTCS.19210

Introduction

In modern control problems of complex systems, it is often necessary to account for several criteria
simultaneously: stability, efficiency, coordination among subsystems, and energy consumption. Such
problems belong to the class of multi-criteria optimization problems, whose solution requires balanc-
ing mutually competing objectives. This is especially relevant for nonlinear and multi-agent systems,
where the dynamics may be unstable, while the control inputs may be constrained both by admissible
magnitudes and by available information.

In practice, one of the most common approaches is to scalarize the vector objective function, for
example, as a weighted sum of criteria. However, this leads to a central question: whether the criterion
weights should be prescribed in advance or updated during the control process.

The theoretical foundations of optimization and decision-making in the problem of multi-criteria
control have been described in classical works on mathematical programming, numerical optimiza-
tion, system analysis, and control theory [1—4, 21, 24—26]. In particular, the development of linear and
nonlinear programming, numerical optimization algorithms, and multi-criteria optimization methods
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is associated with the works of L. V. Kantorovich, G. B. Dantzig, L. G. Khachiyan, R. Steuer, D. G. Lu-
enberger, S. Boyd, L. Vandenberghe, V. G. Zhadan, 1. G. Chernorutskiy, N. Yu. Prokopenko, V. N. Ko-
zlov, N. V. Rostov, and other authors [1—4]. In these works, multi-criteria problems are usually considered
from the point of view of Pareto optimality, scalarization, criterion convolution, minimax schemes,
penalty functions, or numerical methods for finding compromise solutions [1—4, 21, 24—26].

Weighted sum scalarization is one of the most common methods for converting a vector criterion
into a scalar objective function. In this approach, individual criteria are multiplied by weight coef-
ficients, and then standard numerical optimization algorithms can be applied to the resulting scalar
problem [1—4]. However, the result of such scalarization depends significantly on the chosen weigh-
ting factors [21, 26]. If the weighting factors are fixed before the control process begins, they only
reflect the developer's a priori preferences and do not account for changes in the relative importance
of stability and control energy throughout the system's trajectory.

In the theory of control, multi-criteria optimization of parameters is used to configure regulators
of nonlinear automatic control systems [2, 5, 6, 9, 10, 27]. For example, I. G. Chernorutskiy discus-
ses optimization methods in the theory of control, including parametric optimization, multi-criteria
problems, and Pareto compromise [2]. N. V. Rostov proposes methods for multi-criteria optimization
of digital regulator parameters for stabilization and tracking systems with electromechanical instal-
lations, taking into account nonlinearities, constraints, and external disturbances [5, 6, 27—30]. In
these studies, the main goal is to determine technically sound compromise or Pareto optimal regulator
parameters. In this case, the weight coefficients of the individual criteria are usually selected as adjust-
able parameters and are not recalculated during the control process depending on the current state of
the nonlinear system [5, 6, 25, 26].

Similar results have also been obtained in the field of distributed predictive control and optimal
consensus for nonlinear multi-agent systems [7, 8, 14, 15, 20, 22, 23]. A. N. Venkat has developed a
distributed predictive control system aimed at improving the performance and stability of closed-loop
systems for large-scale interacting systems [7]. Y. Tang and X. Wang have considered optimal output
consensus for heterogeneous nonlinear multi-agent systems with uncertainty, combining distributed
optimization, consensus, and adaptive control mechanisms [8]. These approaches aim to ensure sta-
bility, constraint satisfaction, coordination, and distributed optimization, but they are based on pre-
dictive optimization, consensus protocols, and adaptive uncertainty compensation [7, 8, 14, 15, 20,
22, 23]. These approaches do not use the Lyapunov function as a state-dependent variable that direct-
ly redistributes the weights of the stability and energy criteria during the transient state [14—18, 20].

Therefore, the approach proposed in this article differs from existing results in the following ways.
The goal is not to construct the entire Pareto set, and it is not just about a posteriori stability checking.
The Lyapunov function is used both as a stability criterion and as a feedback variable that adaptively
changes the weights of the criteria during control [9, 10, 14, 16—18, 20]. This allows for higher priority
of stabilization when the system is far from equilibrium, and increased relative importance of energy
saving near the equilibrium state.

Fixed weights do not allow the system to adapt to changing conditions. At the initial stage of the
control process, it may be critical to ensure rapid decay of the system state (stability), while at later
stages, reducing control costs becomes more important. Without proper adaptation, such changes in
priority are not reflected in the control law, leading to suboptimal behavior.

This article proposes an approach in which the weights in the multi-objective control problem are
determined adaptively, as functions of the current system state and the observed trajectory behavior.
A distinctive feature of the approach is the use of the Lyapunov function both as a stability-related
criterion and as a variable that governs the redistribution of priorities. This enables the stability crite-
rion to receive greater weight automatically when approaching the boundaries of the phase space and
its weakening when the system is already close to equilibrium, while maintaining control over costs.
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Thus, the article solves two problems: it proposes an adaptive scalarization mechanism for the ob-
jective function and evaluates its effectiveness for constrained nonlinear control and for a multi-agent
configuration.

Problem statement for multicriteria control with adaptive weights

Consider a nonlinear controlled system in the form of ordinary differential equations:

where x(f) € R” — the state vector; u(f) € R” — control input; f{ , ) — a smooth vector function that defi-
nes the dynamics of the system; X, U — the admissible sets of states and control inputs, respectively.

For application to real objects, the proposed method assumes that the state vector x is available for
feedback control. This means that all components of x are either directly measured by sensors or re-
constructed with sufficient accuracy using a state observer. This article focuses on the case of full state
feedback. The synthesis of observers for partially measured systems is beyond the scope of this work.

The proposed approach is applicable to nonlinear controlled objects for which: a state-space model
is known in the admissible operating domain; a continuously differentiable positive-definite Lyapunov
function F(x) can be constructed; the admissible set of controls is non-empty; and the available control
actions allow for the reduction of the function V(x). Such objects include electromechanical systems,
robotic modules, active stabilization systems, power electronic converters, and homogeneous groups of
mobile agents, provided that the necessary state variables are measurable [10, 14, 18—20, 22, 27].

In the following, by the Lyapunov function V(x), we mean a continuously differentiable positive-
definite function such that

V(0)=0, V(x)>0, x=0.

The value of V(x) is used as a quantitative measure of the system's departure from equilibrium, and
a decrease in V(x) along the trajectory indicates the system's stabilizing behavior. In simulations, a
quadratic function is used for a two-dimensional model:

V(x)zxf +X5.

For other nonlinear systems, the form of the Lyapunov function may differ and should be deter-
mined based on the structure of the specific model. Thus, the proposed approach is intended for
nonlinear controlled systems for which the Lyapunov function is known or can be constructed in the
admissible state domain, and for which there exists an admissible control input that can reduce this
function, at least in the sense of the penalty used in the numerical algorithm. In the case of multiple
agents, discussed below, it is assumed that the agents are homogeneous, the interaction graph is con-
nected, and the agents share a common goal of achieving equilibrium. Systems with heterogeneous
agent dynamics or incompatible local goals require additional assumptions and are not considered in
this work.

The goal of control is to minimize a vector criterion that includes at least two individual criteria:

— the criterion of stability J, (u) = jOTV(x(t))dt;

112



4 System Analysis and Control >

2
— control cost criteria J j ”u ” dt.
Scalarization form with ﬁxed weights:

J ()= j(aV( )+Blu(0)[ )dt

where o > 0 and B > 0; o and B are predefined parameters that specify the relative priority of the ob-
jectives.

Fixed values of o and B do not adapt to the system dynamics and do not reflect the current impor-
tance of the criteria at different points along the trajectory.

Adaptive weight structure

It is proposed to define weights as functions of the current state:

where (I)1 and ¢2 are smooth functions with the following properties:

- (1)1 increases with V(x): the stability-related component receives greater weight as the system
moves farther from equilibrium;

— ¢2 increases as we approach equilibrium: the control-cost component becomes more influential
as the state approaches equilibrium.

The specified properties do not set the only possible form of weight functions, but define a class of
admissible adaptive scalarizations [21, 25, 26]. In general, any smooth positive functions ¢ 1(V)’ ¢2(V)
can be used, for which the normalized weight of the stability criterion:

_ (Pz(V)
)= e )

does not decrease as V(x) increases, and the normalized weight of the energy consumption criterion:

D, (V)
o (V)+e, (V)

does not increase with V(x). Therefore, the proposed below form of weights is considered not as the
only possible, but as a simple numerically implementable option, allowing to investigate the effect of
dynamic redistribution of priorities between stability and energy saving.

Taking into account the adaptive weights, a generalized scalarized functional is introduced:

I ()= 1700 (e (1)) (e 0) 0 ((0))- () .

An example of admissible weight functions is
o, (x)=1+x,-V(x);

1
¢2(x)+1+1<2-m,

9

o, (V)=

where K, K, > 0 are the adaptation coefficients.

113



4CVICT€MHbIVI aHanu3 u ynpasfeHue

>

This construction automatically increases the priority of stabilization in the early stages of control
(when V(x) is large) and increases the relative importance of reducing control energy when V(x) — 0.

The specific form of the functions ¢1> (1)2 and the values of the parameters K, K, affect the quanti-
tative characteristics of the transient process. Increasing K, enhances the stabilizing priority for large
deviations, which can reduce the convergence time but also increase the initial control input and lead
to saturation of the u constraint. Increasing K, increases the importance of energy saving near the
equilibrium, which reduces the integral energy consumption but may slow down the final convergence
phase. Therefore, the numerical results should be interpreted as a result for the chosen parametric
family of weight functions, rather than as a universal statement for all possible adaptive dependencies
[21, 26].

Limitations of stability

In addition to including V(x) in the objective function, the following condition may be imposed as
a constraint:

2

. T
V(x(t)) = VV(x(t)) f(x(t),u(t)) < —8||x(t)| , 0>0.

If this condition is imposed as a hard constraint, monotone decrease of the Lyapunov function is
enforced. If the condition is introduced through a penalty term, this decrease is promoted but is not
guaranteed by construction.

Discretization of the Problem

For numerical implementation, the problem is discretized with respect to time:
Xeo =1y (xk,uk), k=0,....N—1,
where fd is a discrete model of the system obtained, for example, by the Euler method:
X =X, +At-(xk,uk),

or by a Runge—Kutta method.
The scalarized functional is then written in discrete form:

N-1

()= 3|6 (5) ¥ (50)+ s () |-

k=0

Numerical Implementation of the Algorithm with Adaptive Weights

Consider the numerical implementation of the proposed approach to multi-objective control with
adaptive tuning of the functional weights. The problem is formulated as a multi-objective problem
(stability and energy consumption), and a feedback law is then introduced, in which the adaptive gain
G(xk) is determined based on the weights ¢ HEAR ¢2(xk). The functional J is used as a quality criterion
and for selecting the controller structure and weight adaptation mechanism. In this case, the minimiza-
tion of J does not have to be repeated at every control step.

Solution algorithm

1. Initialization of parameters:
Initial state x; € R";
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T
Simulation horizon 7 and sampling step Af = F;
Admissible bounds on the control input u, € [—u
2

u

max > ““max ]’

The Lyapunov function V(x) = ||x|
Adaptive weights ¢ (x,), ¢,(x).
2. Construction of the objective function:

J(u)= (1+K1V(xk))-V(xk)+[l+K2 -m}”uk”z A,

3. The system dynamics may be integrated numerically by several schemes:
The simplest model: Euler method

K1 = X +At'f(xka”k)-

For improved accuracy of trajectory and stability estimates, a fourth-order Runge—Kutta method
may be used:

Xy =X, +%(k1 +2k, + 2k, +k4),

where k, :f(xk,uk), k, :f(xk +%k1,ukj, k, =f(xk +%k2,ukj, k, =f(xk +At'k3,uk).

4. Constraint Handling:

u

max]’

Control: u, € [—u

max 2

States:xke[—x X ];

max 2 ““max

The Lyapunov derivative:

V(xk)=VV(xk)Tf(xk,uk)=2x,ff(xk,uk)£—8||xk||2.

The constraints may be incorporated in two forms: either as soft penalties in the objective function
by adding a term A max {O,VV(xk )T f(xk,uk ) + 8||xk||2}2 , A >0, or as inequality constraints inclu-
ded directly in the optimization formulation.

Optimization

To implement the proposed approach, a feedback control scheme with an adaptively adjusted gain
is used. At each step, the control u . is calculated as follows:

1. The current adaptive weights ¢ ,(x) and d)z(xk) are computed from the system state;

2. The control input is defined as a function of the weight ratio:

U = _G<¢1 (xf,k)ad)z (xi,k))'[Kxi,k +p 2 (xi,k Xk )]a

JEN;

where G is an adaptive gain that balances the convergence rate (4)1) and control-resource expenditure

(9,)-
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Stabilization and regularization

To prevent divergence of the numerical procedure, the following methods are used:
1. Projection of variables onto the admissible domain;
2. Penalization of Lyapunov-function increase in the case of model inaccuracies (penalty for V' (xk ) +

+38|x, ||2 >0

3. Preventing oscillations at the equilibrium point (threshold-based setting of u, to zero);
4. Filtering of numerical noise and low-amplitude oscillations (additional filtering).

Simulation of the Adaptive-Weight Method

To evaluate the effectiveness of the proposed approach with adaptive weight adjustment, numerical
experiments were conducted for models with nonlinear dynamics to assess how adaptive weights affect
system behavior, control energy, trajectory stability, and Lyapunov-function decay.

Experiment 1: A Single Nonlinear System

Model:

{*1 IR 20 Iy

X, ==X, T+ XX,

Initial state: x, = [1.5,—1.0];
Simulation horizon: 7= 15, N = 1500, At = 0.01;

Constraints: u, € [—1.5,1.5], X, € [—10,10];

In experiment I, the values k, = 5.0, K, = 2.0, 0 = 0.05 are used, which were selected based on the
results of preliminary numerical experiments to ensure a pronounced priority of stabilization when
the state is far from equilibrium and consistent redistribution of weights in the vicinity of the equilib-
rium state.

To evaluate the effectiveness, we compare the baseline method with fixed scalarization and the
proposed method with adaptive weights. In both cases, we use the same initial conditions, control and
state constraints, and the same numerical integration scheme.

In the fixed-weight baseline, the coefficients were set to constant values ¢, = 2.0, ¢, = 3.0. There-
fore, the corresponding constant gain in the feedback law was

G=—__04.
¢ +0,

These values remained unchanged throughout the trajectory. In the adaptive case, the same feed-
back structure was used, but the coefficients d)l(xk) and ¢2(xk) were recalculated at each time step as
functions of the current value of the Lyapunov function. Both simulations used the same initial condi-
tions, integration scheme, control bounds, state bounds, and Lyapunov-based correction procedure.
Therefore, the comparison highlights the effect of replacing a constant priority ratio with state-depen-
dent priority redistribution [1—4, 21, 26].

It should be noted that a specially tuned pair of constant weights may reduce the quantitative ad-
vantage of the adaptive approach [21, 26]. Therefore, the obtained results should not be interpreted as
proof of superiority over all possible fixed-weight scalarizations.

Results

For the selected nonlinear model and the specified parameters, the Lyapunov function V(xk) de-
monstrates a higher convergence rate to zero when using adaptive weights compared with the selected
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Fig. 1. Comparison of fixed-weight and adaptive-weight control for a single system: (a) — dependence V(?);
(b) — dependence u(7); (c) — phase trajectory; (d) — change in weights ¢, ¢, and coefficient G(7)

fixed-weight scalarization baseline. This indicates a reduction in the transition time in this numerical
experiment, but it does not necessarily generalize to all nonlinear systems;

In the simulation, the adaptive redistribution of priorities leads to a larger control input at the
initial stage and to a decrease in it near the equilibrium. As a result, the integral control energy E =

T
= _f u’ (t)dt is lower than that of the considered fixed-weight baseline. The magnitude of this reduc-
0

tion depends on the selected functions ¢ " ¢2, parameters K, K,, control constraints, and the selected
fixed-weight baseline level.

The phase trajectory also illustrates the effect of adaptive priority reallocation for the selected test
model. This result should be interpreted as a numerical illustration of the proposed mechanism, rather
than as a general proof of the superiority of arbitrary nonlinear systems. The adaptation mechanism
is manifested in the fact that at the beginning of the process, the stabilizing component has a greater
relative influence, while near equilibrium, the relative influence of the control cost component in-
creases.

Experiment 2: A Multi-Agent Consensus System

Consider a distributed system of M = 3 agents. In this simulation, the agents are homogeneous:
each agent has the same local dynamics, but different initial conditions. Let the state of the i-th agent
be denoted by

T
xl‘ :(xlyi,xz,i) . i: 1’._.,M.
The local dynamics of each agent are defined by the system

. _ 2 .
X, = xl’l.+x2,l.+u,

i
>

Xy, ==Xy, XX,

k)
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Thus, the control input ui enters the first equation of the agent's local dynamics. The connection
between agents is introduced not as an additional physical term in the right-hand side of the system,
but through a matching component in the control law.

The interaction graph is assumed to be fully connected. A normalized adjacency matrix is used for
three agents [7, 8, 18, 20, 22]

>

o KN
a=\ 0 V.
ho oo

The following adaptive control law is used:

U = _G((Pl,ia(Pz,i)[le,i,k +p 2 a; (xl,i,k Xk )ja

JeN;

where K determines the intensity of local agent stabilization, and p specifies the strength of the con-
sensus interaction with neighboring agents; in the simulation under consideration, K = 1.0 and p =
= 1.0 were used, a,are the elements of adjacency matrix, M is the set of neighbors of the i-th agent.

A local Lyapunov function is used for each agent:

4 (xi) = xlz,i +x§,i'

1

Weight functions:

KZ
Ll

Thus, each agent adapts the local weights based on its own state, but the consensus coupling term
in the control law takes into account the deviation from neighboring agents. The local decrease in
V'(x) alone is not sufficient to prove the stability and coordination properties of the entire multi-
agent system, so the consensus error and the average value of the Lyapunov function over the group
are also analyzed [8, 18, 20, 22].

Constraints: u, €[-1.5,1.5], x, €[-10,10];

The parameters: K, = 2.0, k, = 10.0, & = 0.05.

Heterogeneous agents with different local dynamics f,-(x,-’ u) are not considered in this article and
require a separate analysis of the conditions for consensus and stability.

For the considered homogeneous system of three agents with a fully connected interaction graph,
the simulation demonstrates a decrease in the disagreement between the agents and convergence of
their states to a neighborhood of a common equilibrium.

In this experiment, the total control energy is reduced by more than 40% compared to the consid-
ered fixed-weight baseline. This effect is associated with an earlier reduction of the control effort near
equilibrium. The quantitative value of the gain depends on the selected adaptive weight functions, the
parameters K, K, the control constraints, and the selected fixed-weight baseline used for comparison.

The control inputs reach their highest values at the beginning of the transition process, and then
decrease as the agent trajectories approach each other. In the simulation, the average Lyapunov func-
tion for the group tends to zero. This indicates a stabilization of the behavior of the chosen multi-

2,(%(&):1+

(I)l()cl.)=1+1<1 ||xi|
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Fig. 2. Results of a numerical experiment for a multi-agent system:
(a) — consensus formation process; (b) — control inputs of the agents;
(c) — group dynamics of the Lyapunov function; (d) — total energy consumption
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agent model, but this should be interpreted together with the consensus-error curve, since local Lya-
punov reduction and network-level consensus are different properties of a distributed system.
The Python code to generate the plots (Figs. 1, 2) is available for download and can be run locally'.

Conclusions

The conducted research shows that adaptive adjustment of the weight coefficients in a multi-crite-
ria functional can be used as a control tool for nonlinear systems. The obtained results are applicable
to models for which a Lyapunov function can be constructed, the state variables are measurable, con-
trol constraints are specified, and a stabilizing control law can be implemented. The main conclusions
are as follows:

1. A mechanism is proposed in which the weight coefficients of the objective function are dynam-
ically changed depending on the current state of the system through the Lyapunov function. Unlike
classical weighted scalarization, in which the weight coefficients are fixed before the optimization
or control process begins, the proposed approach allows the weight coefficients of the criteria to be
recalculated in real-time. This allows for a shift in priority towards stabilization in the case of large
deviations from equilibrium and towards energy conservation as the system approaches equilibrium.
The chosen form of the weight coefficients is not the only possible choice and is considered as a rep-
resentative of the class of smooth positive adaptive functions.

2. The proposed approach is a development of existing approaches to multi-criteria control by
using the Lyapunov function not only as a stability criterion, but also as a variable that regulates the
redistribution of priorities between individual criteria. This distinguishes this method from known
approaches to multi-criteria parameter optimization, where the Pareto-optimal regulator parameters
are typically selected with fixed-weight coefficients for the criteria [2, 5, 6, 21, 25, 26].

' GitHub - fershtadt/Adaptive-scale-adjustment - GitHub, Available: https:/github.com/fershtadt/Adaptive-scale-adjustment (Accessed

21.07.2026)
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3. A numerically implementable condition for reducing the Lyapunov function is introduced. This
condition can be used either as an explicit constraint or as a penalty term in the quality functional. If
there exists a valid control that satisfies this condition, it helps to bring the system to an equilibrium
state. The fulfillment of this condition depends on the nonlinear model, the initial state, the set of valid
controls, and the chosen Lyapunov function.

4. For the considered multi-agent system, where the communication between the subsystems is
provided by a connected graph, it is shown by numerical methods that the local adaptation of weights
based on the Lyapunov functions is compatible with the coordination term in the control law and
leads to a reduction in the discrepancy between the agents. Unlike distributed model predictive con-
trol approaches, the proposed scheme does not require complex numerical optimization at each time
step [7, 14, 15, 20, 23]. Instead, the redistribution of priorities is performed directly using the adaptive
weights based on the Lyapunov functions.

5. The algorithm can be implemented in a centralized form and, under additional assumptions,
in a distributed multi-agent form, provided that each agent has access to its own state and the states
of neighboring agents in the graph. In this work, the multi-agent implementation was confirmed by
numerical simulations for a system of three agents. The use of simple numerical integrators, such as
the Euler method or the Runge-Kutta method, makes the scheme convenient for computational im-
plementation.

6. The method was simulated in Python. Under the simulation parameters, the results demon-
strate a faster decrease in the Lyapunov function compared to the selected baseline with fixed weights
and a decrease in energy consumption near the system's equilibrium. The proposed method can be
used to achieve a trade-off between fast stabilization and reduced control inputs [9, 10, 14, 16—18,
20]. These findings are applicable only to the class of systems under consideration. Future work will
address the scaling of this approach to more complex real-world systems.
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