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Pedaxuiiina konezis:
TostoBa pemakmiitnoi koserii: Kamincska Terama I'puropiBHa — QOKTOP €KOHOMIUHKX HayK, IIpodecop
(Kuis, Ykpaina)
3acTyImHUK ToJI0BU pemakiiiiinoi koserii: Kypuiao Bomogumup IBaHOBHUY — [OKTOp IOPUINYHUX HAYK,
mpodecop, 3aciry:keHuii ropuct Yrpainu (Kuis, Yrpaina)
3acTyImHUK ToJIOBU penakiiiinoil kojierii: Tapaceuko Ipuua OsiekciiBHA — TOKTOP €KOHOMIUHUX HAYK,
apodecop (KuiB, Yxpaina)

Po30din «<EKOHOMIYHI HAyKu»:

Unen penakiiiinoi koJierii: Ajsmies Illacga Tuduric orytm — I0KTOP €KOHOMIUHHUX HAYK, IIpodecop, diieH
Panu — mayxkosuii cekperap ExcriepTHoi pagu 3 ekoHoMiuHUX Hayk Buroi Arecratitinoi Komicii mpu [Ipesu-
menToBi Asepbaiimxancerol Pecrry6uriku (Cymrait, Asepbaiimkanceka Peciry6irika)

Yinen pemakiiiinoi kosierii: Bamaurok Isan @egopoBUY — JOKTOP €KOHOMIUHHUX HAYK, mTpodecop (IBa-
Ho-DPpaHKIBCHK, YKpaiHa)

Unen penmaxiiiinoi koserii: Bapgam Cepriit BoroguMupoBuY — I0KTOp €KOHOMIUYHUX HayK, Ipodecop
(KuiB, Ykpaina)

Unen penaxiriiiaoi xoJsierii: Boumap Mukosa IBaHoBHMY — [0KTOp €KOHOMIUHUX HaAYK, mpodecop (Kuis,
Yxpaiua)

Uien pemakiiiinoi kosterii: Besasamos Tanar ExaBepoBry — noxT0op eKkoHOMIUHNX HAYK, goieHT (Kuis, Ykpaina)

Unen pepakiiiiinoi koserii: Bmosenko Haramia MuxaijiBHA — JOKTOP €KOHOMIUHKX HAYK, IIPodecop
(KuiB, Ykpaina)

Unen penaxiiiiiaoi koserii: 'o6auk Bomogumup BacuasoBuY — MOKTOP €eKOHOMIUHUX HAYK, KAHIUIAT
(istocodecrrrx HayK, Tpodecop, Sacay:xeHuit ekoHoMicT Yirpainu (Mykauese, Ykpaina)

Unen penakiiiiaoi koserii: I'puabko Ana IlaBixiBHa — QOKTOpP eKOHOMIUHUX HAYK, mpodecop (Xapkis,
Yxpaiua)

Unen penmaktitinoi kosierii: I'ymamenko JIro6o8 BacusriBHa — MOKTOp €KOHOMIUHUX HAYK, ITpodecop (Bin-
HUIIA, YKpaiHa)

Uiten penaxkiriiinoi kosterii: Jdepiit Bacuas AHTOHOBHY — MOKTOP €KOHOMIUHUX HAYK, mpodecop (TepHo-
iIb, YKpaiHa)

Yinen penakiiiinoi kosterii: Jleancexkno Muxkosa [IaBjioBuY — MOKTOP €KOHOMIUHUX HAYK, ITpodecop,
ujIeH-KopecnoHaenT MixKHapoaHOI akageMil iHBECTHITIHN 1 eKOHOMIKK OyqiBHUIITBA, akageMik Arxamgemii Oy/miB-
HULTBA YKpaiHnu Ta YKpaiHcbKol TexHoJsioriuHoi akanemii (Kuis, Ykpaina)

Uisten penaxriituoi kosierii: {paran Osena IBamiBHa — MoKTOp eKoOHOMIUHUX HAYK, mpodecop (KuiB, Ykpaina)

Unen pepaxiiiinoi kosierii: Emine Jleiia Kuar — mokrop ekoHoMiuHuX HayK, moreuT (Typeuunna)

Uiten pemaxiriiinoi kosterii: €Egimenko Hamisa AmaTosriiBHA — JOKTOpP €KOHOMIUHEUX HayK, mpodecop (Hep-
kacu, Ykpaina)

Uisen penmaxiiiiiaoi koserii: 3apyubka OQsena IlapiaiBHa — MOKTOP eKOHOMIUHUX HAYK, mTpodecop ([wimpo,
VYkpaiua)

YsteH pemaxkiritivoi kKosierii: 3esicko Inaa MuxaiiiBHa — JOKTODP €eKOHOMIUHUX HAYK, IIPodecop, akaaeMik
Axanewmii exonomiunux Hayk Ykpainu (Kuis, Yikpaina)

UneH penmaxiriiiaoi Koserii: 3ock-Kiop Mukosia BaepiiioBuu — JOKTOpP €KOHOMIUHUX HAYK, Ipodecop
(ITonraBa, Ykpaina)

Ynen penaxkiiiinoi kosierii: Inpuyk IlaBimo I'puropoBud — 10KTOP €KOHOMIUHHUX HAYEK, morieHT (JIbBIB,
Yxpaiua)

Uiten pemaxiiiiaoi kosterii: Kapimkymos sKacyp IMman6oeBuuy — moKTOp eKOHOMIUHIX HayK, goreHT (Tar-
keHT, Pecriy6itika Y30ekucram)

Yinen pemaxiriiiaoi koserii: Kimouan B’sueciiap BacuiaboBUY — JOKTOP €KOHOMIUHUX HAYK, ITpodecop
(Muxkostais, Yxpaina)

Unen pepaxmiiiaoi kosterii: Kommniok Oxcana IpaniBHa — [0KTOP €KOHOMIUHUX HaYK, podecop (JIbBIB,

Yxpaiua)

UneH penaxiiiinoi kosterii: KpaBuenko Onbra QuexciiBHa — HOKTOp eKOHOMIUYHUX HayK, mpodecop (Kuis,
Yxpaiua)

Uiten pemaxiiitaoi koserii: Kypmmo JIromMmmia IsumopiBHa — 10KTOp eKOHOMIUHUX HaAyK, mpogdecop (Kuis,
Yxpaiua)

Uien pepaxiitiaoi koserii: Kyxmenko Osier BacniasoBu4y — 0KTOp eKOHOMIUHUX HAYK, Tpodecop (Kuis,
VYkpaina)
Unen penaxkiitinoi koserii: JIoiiko Basiepisa BikTopiBHa — M0KTOp €eKOHOMIUHUX HayK, mpodecop (Kuis,

Yxpaiua)
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Uiren penmaxkiriiiuoi kosrerii: Jloxamosa Harana OsiekciiBHA — OOKTOP eKOHOMIUHNX HayK, mpodecop (JIbBiB,
Yxpaina) .

Ysen pemaxiriitaoi kosrerii: Masik Mukosa MocumoBUY — TOKTOP €KOHOMIUHMX HayK, mrpodecop (Kuis,
Yxpaiua)

Unen penaxiriiinoi kosierii: Mirye Ipuna IlerpiBHa — moKTOp €eKoHOMIUHUX HayK, mpodecop (Uepkacu,
Yxpaiua)

Uiten pemaxiiiitoi kosrerii: Himeunko Birasmiii CepriiioBud — I0KTOp €KOHOMIUHUX HAYK, morieHT (Omeca,
Yxpaiua)

Uiten pepaxiriiiaoi koserii: Omiiauk Oiekcanap BacuaboBHY — I0KTOP €KOHOMIUHHKX HAYK, IIPodecop
(XapkiB, Ykpaiua)

Usen penmaktitiaoi Koserii: Ocmaruenko Bomogumup OrekcaHapoBHUY — IOKTOP €KOHOMIUHUX HAYK,
mpodecop (Kuis, Yrpaina)

Unen pemakuiiizoi koserii: Oxpimenko Irop BirasifioBuu — okTop eKkoHOMIUHUX HayK, mipodecop (Kuis,
Yxpaiua)

Unen pepaxkiiiinoi kosierii: [lacka Irop MukoJsaiioBHY — M0KTOP €KOHOMIUHUX HAyK, mpogdecop (Biza
IlepxkBa, Yxpaiua)

Uiten pemaxkiiiiinoi kosierii: Pagymosa Karepuuna MukosiaiBHa — JOKTOP €KOHOMIUHHUX HAYK, IIpodecop
(Kuis, Ykpainua)

Uiten pemakiriiinoi kosterii: Pamcebekmint Auapii IOpifioBuu — moxTOp eKoHOMIUHEKX HAyK, npodecop (Kuis,
Yxpaina)

Ysen penaxkiriiiuol kosterii: CesiBepcroBa JIrommuia CepriiBHa — I0KTOp €KOHOMIUHUX HAYK, ITpodecop
(KuiB, Yrpaina)

UneH pepaximiiinoi kosterii: Cmostin Irop BasmeHTHHOBHMY — NOKTOpP €KOHOMIUHUX HAYK, podecop (Kuis,
Yxpaiua)

Unen pemaxiriitiol kojierii: CynmoBa Ouseca OQirekcaHapiBHA — TOKTOp €eKOHOMIUHHUX HAYK, ITpodecop,
akameMik Axamemil ekoHOMIuHMX Hayk Yipainu (Kuis, Ykpaiua)

Uinen pemakiiiinoi koserii: TaukiaeBcska Haramia CraHiciiaBiBHA — JOKTOP €KOHOMIUHUX HAYK, IIPO-
(ecop (Xepcon, Yrpaina)

Ysen penaxiiiinoi kosterii: Tokap Bosogumup BosroguMupoBrd — TOKTOp €KOHOMIYHUX HAYK, ITpodecop
(KuiB, Yrpaina)

Ysen penaxkiriiinol kosterii: Tynpunacska CBiiana QiiekcaHApPiBHA — TOKTOP €KOHOMIUHUX HAYK, ITPO-
tecop (Kuis, Yrpaina)

Uien pemaxkiiiiinoi koJsierii: YmkeBcbka JIroomuiaa BitasiiBHAa — QOKTOP €KOHOMIUHHUX HAYK, IIpodecop
((Kuromup, Yrpaina)

Uisen penakriiinoi Kosterii: llleBuyk fIpocinas BacuaboBUY — TOKTOP €KOHOMIUHUX HAYK, CTAPIINAI HAy-
KOBUiA crriBpobiTHUEK, noreHT (HoBoBosmHChK, BostmHebka 00651., YEpaina)

Ynen penaxiitinol koserii: llmakapyk Jligia BacumiBHa — MOKTOp €KOHOMIUHMX HAYK, TPOGecop, WiIeH-Ko-
pectioagenT HAH Vkpaiuu (Kuis, Ykpaiua)

Unen pepakitizoi kosterii: lllmak BamenTnn ApkagifioBud — JOKTOpP eKOHOMIUHMX HaYK, mipodecop (Kuis,
Yxpaina)

Unen pepaxkmiitol kKoserii: CkpuHbKOBChEHE Pyciian MukosiaiioBUY — KaHIUIAT €eKOHOMIYHUX HAYK,
mpogecop (JIsBiB, Yikpaina)

Uien pemaxkiiiiaoi koJierii: Cysmronos lllepanu HypamueBua — fqokrop (distocodii 3 eKOHOMIUHUX HAYK
(PhD) (Tamrent, Pecniy6tika Y30exkucram)

Uien pemaxiiiinoi kosterii: Peter Bielik — Dr. hab. (CiroBamnpka Pecmy6orika)

UYsen penakuiittoi kosterii: Eva Fichtnerova — University of South Bohemia in Ceské Budgjovice (Yecska
PecmyGutika)

Ysren pemakriiiinoi koserii: Jozsef Kaposzta — Dr. hab. (Yropimnua)

Yiren pemakriiinoi koserii: Henrietta Nagy — Dr. hab. (¥Yropimiaa)

Uisten penaxiiiiitoi kosterii: Anna Toré-Dunay — Dr. hab. (Vropiuaa)

Ynen pemaxiiiinoi kojerii: Miroslaw Wasilewski — Dr. hab., Associate professor WULS-SGGW
(Tlompmia)

Yiaen pemakiiiinoi xojerii: Natalia Wasilewska — Doctor of Economic Sciences, professor UJK
(ITonpma)

Po30din «Texniuni nayxku»:
Unen penaxkiiiinoi koserii: Besgikos Anarostiii CepadiMoBuy — qoKTOp TeXHIYHUX HAYK, Ipodecop ([ Hi-
mpo, YkpaiHa)



Unen pepaxiiiiaoi koserii: Kyssmin Osier BosromuMupoBuY — qOKTOP TeXHIUYHUX HAYK, mpodecop (Kuis,
VYkpaiua)

Uiten penmaxkiriiiaoi koserii: JIynmesnko Irop AHaTo/TifioBHY — TOKTOP TEXHIYHUX HAYK, Tpodecop (Kpemen-
uyK, YKpaiHa)

Unen penakiiiinoi kosterii: Measauk BikTopia MukosiaiBHa — JOKTOp TeXHIYHUX HayK, mpodecop (Kuis,
Yxpaina)

Unen pemaxiiiiitoi koserii: PymanmeB Auarostiii OiekcaHIpoBHY — TOKTOP TeXHIYHUX HAYK, ITpodecop
(Kpamaropcek, YipaiHa)

Unen pemaxiiiiaoi koserii: Cepreiiuyk Ouer BacuiboBuu — qokTop TexHIUHNX HAYK, mpodecop (Kuis,
Yxpaiua)

Uinen pepaxiiiinoi kosierii: Cremanos Quiekciii BIKTOpoBHY — IOKTOP TEXHIUHUX HAYK, IIpodecop (Xap-
KiB, YKpaiHa)

Unen pemakmiiinoi koserii: Ya6aun Biraniii BacuiasoBuY — 10KTOp TexHIUHUX HayK, mpodecop (Kuis,
Yxpaiua)

Yiten penakiriiiaoi kosterii: Aitb-A6adoHex XacaHn Asti Kacem — kanmumar TexaivHux HayK (AMMaH, IZopnaHiﬂ)

Unen pepaxiriiitoi koJierii: ApTioxoB ApreMm €BreHoBHY — KaHIUIAT TeXHIUHUX HayE, goreHT (Cymmu,
Yxpaina)

Uinen pepaxiriiinoi kosierii: Bamup6eini Agasar Iemain — kaHmuoaT TeXHIYHUX HAYK, TOJIOBHUN HAYKO-
Buii crreriastict (Baky, Asepbaiimxanceka Peciry0Ostika)

Uisen penmaxkiriitaoi kosterii: Ka6ymos HoziM:xon AGoykapiMOBHY — TOKTOP TEXHIYHUX HAYK, gorieHT (Pe-
cry0Jtika Y36ekucTan)

Uien penakiitinoi kosierii: Koubskos I'eopriiit IropoBira — kauauaar TexHIYHUX HaYK, 1podecop (Kuis, Yipaina)

Unen penakiiiinoi koserii: Ilouy:xeBckuii Oser JIMUTPOBHY — KaHIUAAT TEXHIYHUX HAYK, Ho1eHT (Kpu-
Buii Pir, Ykpaina)

Unen penakiiiinoi xosierii: CanbkoB Iletpo Muko/iaitoBu4 — KaHIUIAT TEXHIYHUX HAYK, morieHT (Jlwmi-
mpo, YKpaina)

Po30din «Ily6niune ynpasiinna ma aOMiHICMPYBAHHA»:

Yien pepaxiitinoi kosterii: Bupkosuu Terssna IBaniBHa — MOKTOp HAYK 3 MEepPKaBHOIO YyIIPABJIIHHA, KAH-
IUIaT PUINYHUX HAYE, Tpodecop (KuiB, Ykpaina)

Yien pemaxkiiitinoi koserii: Jerrap Augpiit OeroBud — MoKTOp HAYK 3 [IepsKaBHOTO YIIPaBJIiHHA, ITpodecop,
3aciy:xeHunil qisiy Hayku 1 TexHikn Yxpainu (Xapkis, Yrpaina)

Unen penakiiiinoi Kosierii: Jerrap Oser AHgpiioBHY — JOKTOP HAYK 3 IEP:KABHOIO YIIPABIIIHHA, JOLIEHT
(XapkiB, Ykpaina)

Unen pemaxiiiinoi koserii: Koaryn Bikropia CemeniBHA — [OKTODP HAYK 3 JePrKaBHOI'0 YITPABIIHHA,
apodecop (Kuis, Yrpaina)

Unen penakiititnoi koserii: Cremanos Bikrop IOpiitoBruy — MoKTOp HAYK 3 JEepP:KAaBHOTO YIIPABIIHHA,
mpodecop (Xapkis, Ykpaina)

Po3din «Ilcuxonoziuni Hayku»:
Unen penaxkiiiiaoi kosierii: lllep6an Terauna JIMurpiBHA — MOKTOP MICUXOJIOTIYHUX HAYK, podecop, 3a-
CIIy?KeHUH MpaIliBHUK OCBITH YKpainu, pekrop MykadiBcbkoro mep:kaBHoro yHiBepcurery (MykaueBe, Ykpaina)
Unen pepaxiiiinoi xosierii: Kopcyn Cepriit IBamoBuuy — xangumar ncuxosiorivaux Hayk, gorent (ITom-
raticeka, CoBaripka Pecry6otika)
Unen penmakriiiaoi kosierii: @insosa-Pycesa Kpacumipa INeoprieBa — kaHmugaT mCUXO0JIONYHAX HAYK,
nmortent (ILmoBaie, Pecniy6itika Bonrapis)

Excnepmu:

JIromenko Auapiii MukosIaifoBHY — TIPOBIAHUI 1HKEHEP-TOCTITHUK, apXiTEKTOP MOOIJIBHUX CHUCTEM,
EKCIIepT y MIPOEKTYBaHHI MacIITaboBaHUX MOOLIBHUX Ta po3mnomijeHux cucrem, wiedH IEEE, aBrop HaykoBo-
TeXHIYHUX cTaTell y rajry3i Mo6isibHOI apxiTekTypu Ta high-load mimardopm, maricTp nmpukiIagHoi MaTeMaTUKU

Hosocea Cepriit BosromuMmupoBuy — mifnpuemerns y cepi eiekrporHol koMmepirii, 7-figure Amazon FBA
wholesale npomaserns, crapmmuii wien eCommerce & Digital Marketing Association (ECDMA), aBTop KHuru
«Amazon Wholesale Advantage: Winning Playbook», crrikep mizkaapoguux kougdepenrriii (CIIIA, €spona, J1a-
THHCbKA AMepHKa)

Cuporenko Aunpiii BostoguMupoBuY — IIpoBiTHUI 1HIKEHEP-AOCTITHUK, €KCIIePT 3 iHAyCTPiaJIbHOI aHa-
sgituky i MeTpostorii, uiieH IEEE, aBrop BuUHaXoiB i HAYKOBUX IIpallb y rajysi KOHTPOJIIO TPOMHUCIOBUX BUKUIiB
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A STATE REGULATION MODEL FOR
ATVS AND SSVS IN UKRAINE

UDC 351.811

BHHIUGVdUA IHAVXXdaT

Summary. This study examines the current state of government regulation of all-terrain vehicles (ATVs) and side-by-side (SSV)
vehicles in Ukraine. Based on an analysis of Ukrainian legislation, the regulatory experience of the European Union, the United
States, and Australia, as well as contemporary research in the field of safety, the study identifies the principal shortcomings of
the existing regulatory framework governing this category of vehicles.

A model of state regulation is proposed based on mandatory vehicle registration, the establishment of minimum technical
requirements, driver training, compulsory third-party liability insurance, official recording of road traffic accidents, and govern-

ment oversight of vehicle operation.

The proposed model may be used to improve Ukrainian legislation and public policy on ATVs and SSVs.
The research employs comparative legal analysis, systems analysis, generalization, and analysis of international regulatory

experience.

Key words: state regulation, all-terrain vehicles (ATVs), side-by-side (SSV) vehicles, vehicle registration, road safety, public

administration.

Problem Statement. In recent years, Ukraine has
experienced a steady increase in the use of ATVs
and SSVs in active tourism, recreation, motorsports,
agriculture, and other sectors of economic activity.
At the same time, the number of business entities
engaged in the import, sale, rental, and maintenance
of such vehicles has been increasing.

Despite the growth of this market segment, the system
of state regulation governing ATVs and SSVs in Ukraine
remains incomplete. Current legislation does not estab-
lish a procedure for their state registration, requirements
for their participation in public road traffic, a specific driv-
er’s license category, or a system for the official recording
of road traffic accidents involving these vehicles.

The absence of a comprehensive regulatory frame-
work creates risks to road safety, limits the effective-
ness of government oversight, prevents the collection
of reliable statistical data and the identification of ve-
hicles and their owners, and reduces the state’s ability
to administer the relevant regulatory mechanisms.

Accordingly, the development of a model of state
regulation for ATVs and SSVs in Ukraine represents
a relevant objective of public administration.

The object of the study is the system of state
regulation governing ATVs and SSVs.

The subject of the study comprises the mecha-
nisms of state regulation related to vehicle registration,
authorization for operation, and government oversight.

Literature Review. The safe operation of ATVs
and SSVs has been extensively studied in the inter-
national scientific literature. Most studies focus on
the causes of road traffic accidents, injury prevention,
driver training, and the improvement of technical safe-
ty requirements for these vehicles.

According to the U.S. Consumer Product Safe-
ty Commission (CPSC), approximately 100,000
ATV-related injuries and 700-800 fatalities are
recorded annually in the United States [1]. Studies
conducted by the American Academy of Pediatrics
and systematic reviews have demonstrated that the

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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most significant contributors to severe injuries include
inadequate driver training, excessive speed, violations
of operating rules, and the failure to use personal pro-
tective equipment [2—4].

In addition to safety issues, considerable attention
has been paid to mechanisms of state regulation in the
European Union, the United States, and Australia. These
include vehicle registration systems, technical regulation,
driver licensing requirements, compulsory insurance,
and government oversight of vehicle operation [5-7].

At the same time, the review of the available liter-
ature indicates the absence of comprehensive studies
devoted to developing an integrated model of state
regulation for ATVs and SSVs that would combine
safety, administrative, and economic mechanisms
within a unified regulatory framework. In particular,
the adaptation of such approaches to the legal and
institutional environment of Ukraine remains insuf-
ficiently explored, which determines the relevance of
the present study.

Main Body
Current State of Government Regulation of
ATVs and SSVs in Ukraine

The current system of state regulation governing
ATVs and SSVs in Ukraine does not ensure the full im-
plementation of public administration functions with
respect to this category of vehicles. Certain aspects are
regulated by the Law of Ukraine “On Road Traf-
fic”, regulatory acts governing vehicle registration,
technical regulation, customs procedures, and other
legal instruments [8-12]. However, these provisions do
not constitute an integrated system of state regulation.

As a result, ATVs and SSVs remain largely out-
side the scope of comprehensive public administration.
The absence of mandatory vehicle registration, clearly
defined driver licensing requirements, a unified ve-
hicle registration system, and effective government
oversight mechanisms prevents the state from fully
performing its regulatory, administrative, statistical,
and safety-related functions.

From the perspective of public administration, this
situation prevents the collection of reliable statistical

data, the evaluation of public policy effectiveness, and
the effective exercise of government oversight with
respect to this category of vehicles.

The principal differences between the current reg-
ulatory framework in Ukraine and the approaches
applied in most developed countries are presented in
Table 1.

Assessing the Impact of the Absence of State
Regulation on Safety, Public Administration,
and the Economy

According to the U.S. Consumer Product Safety
Commission (CPSC), approximately 100,000 ATV-re-
lated injuries and 700-800 fatalities are recorded
annually in the United States [1]. Studies conducted by
the American Academy of Pediatrics and system-
atic reviews indicate that the primary factors contrib-
uting to severe injuries are inadequate driver training,
violations of operating rules, excessive speed, and the
failure to use personal protective equipment [2—4].

In countries where the operation of ATVs is subject
to state regulation, these risks are mitigated through
the combined application of vehicle registration, driver
licensing, technical regulation, compulsory insurance,
and government oversight [5—7]. In Ukraine, most of
these regulatory mechanisms do not apply to ATVs
and SSVs, which adversely affects not only safety but
also the effectiveness of public administration.

From the perspective of public administration, a ve-
hicle should be regarded as an object of state regulation
throughout its entire life cycle. At each stage of this life
cycle, the state performs specific regulatory, adminis-
trative, and information-related functions that ensure
the lawful operation of the vehicle, promote road safety,
and contribute to public revenue generation.

The proposed approach demonstrates that vehicle
registration is not an isolated administrative procedure
but rather a fundamental mechanism for implement-
ing other public administration functions. Without it,
government oversight, official statistical reporting,
road traffic accident analysis, public policy evaluation,
and the administration of procedures related to vehicle
operation become significantly more difficult.

Table 1
Comparison of Selected Elements of State Regulation for ATVs and SSVs
Criterion Ukraine EU USA Australia
Vehicle registration — v v v
Vehicle and owner identification — v v v
Technical requirements Partial v v v
Driver licensing — v v v
Mandatory insurance — v v v
Official accident records — v v v
Government oversight Limited v v v

Note: v — regulated; Partial — partially regulated; — no specific legal regulation

Source: developed by the author based on [5-12]
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Table 2

Functions of State Regulation Throughout the Life Cycle of an ATV or an SSV

Life Cycle Stage Government Function

Outcome

Import Customs control

Lawful importation of the vehicle

Certification Conformity assessment

Authorization for operation

Vehicle registration

Identification and state registration

Registration of the vehicle and its owner

Driver training Qualification control

Authorization to operate the vehicle

Insurance

Protection of property interests

Third-party liability insurance coverage

Operation Government oversight

Compliance with legal requirements

Transfer of ownership Updating the state register

Registration of a new owner

Deregistration

Removal from the state register

Maintenance of an up-to-date register

Source: developed by the author

Thus, the absence of a comprehensive system of
state regulation results in increased safety risks, re-
duced effectiveness of public administration, and the
loss of administrative and economic benefits that are
provided by an integrated regulatory framework.

Proposed Model of State Regulation
for ATVs and SSVs

The findings of this study provide a basis for pro-
posing a model of state regulation for ATVs and SSVs
that ensures the interconnection of the principal public
administration functions throughout the entire life
cycle of these vehicles.

The proposed model integrates vehicle registration,
technical regulation, driver licensing, compulsory in-
surance, official road traffic accident recording, and
government oversight into a unified system of public
administration. The implementation of each of these
regulatory mechanisms enhances the effectiveness
of the others, thereby ensuring a comprehensive ap-
proach to state regulation.

The proposed model considers vehicle registration
not as an independent administrative procedure but
as a fundamental mechanism for implementing other
public administration functions. Its implementation

creates the conditions necessary for establishing an
integrated system of state regulation for ATVs and
SSVs in Ukraine.

Conclusions. The study has demonstrated that
the current system of state regulation governing ATVs
and SSVs in Ukraine does not ensure the full imple-
mentation of public administration functions related
to road safety, government oversight, official record-
keeping, and the administration of this category of
vehicles.

Based on an analysis of international experience
and the current legislative framework of Ukraine,
a model of state regulation has been proposed that
integrates vehicle registration, technical regulation,
driver licensing, compulsory insurance, official road
traffic accident recording, and government oversight
into a unified public administration system.

The scientific novelty of the study lies in sub-
stantiating an approach according to which vehicle
registration should be regarded not as an isolated ad-
ministrative procedure but as a fundamental mech-
anism for implementing other public administration
functions necessary for effective government oversight,
the maintenance of official statistics, public policy eval-
uation, and the safe operation of ATVs and SSVs.

Table 3

Key Mechanisms of the Proposed State Regulation Model

Regulatory Mechanism Main Content

Expected Outcome

Vehicle registration

Registration of vehicles and maintenance
of the state register

Identification of vehicles and their owners

Technical regulation

Establishment of minimum technical
requirements and conformity assessment

Authorization for safe operation

Driver licensing
ment

Driver training and qualification assess-

Improved road safety

Insurance
ance

Compulsory third-party liability insur-

Protection of the property interests of road
users

Official record-keeping

Recording of road traffic accidents and
statistical data collection

Information support for public policy

Government oversight

quirements

Monitoring compliance with legal re-

Improved effectiveness of public administra-
tion

Source: developed by the author
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The proposed model may serve as a theoretical and Future research should focus on developing mecha-
practical basis for the development of regulatory legal  nisms for the practical implementation of the proposed
acts, the improvement of Ukrainian legislation, and model and evaluating its impact on road safety, the
the formulation of public policy in the field of regulat- effectiveness of public administration, and the devel-
ing ATVs and SSVs. opment of the legal ATV market.

JOJATKOBA IHOOPMAILIA
BHECOK ABTOPIB: Yci aBTopu 3po0ujix BHECOK IIOPiBHY.
DOIHAHCYBAHHS: ABTopu He 0TPpUMYBAJIH (PiHAHCYBAHHA [IJIA I[bOTO JOCITIKeHHS.
3AABA ITPO JOCTYIIHICTD JAHMX: He 3acTocoByeThbes.
KOH®JIIKT IHTEPECIB: ABTopu 3asAB/IAIOTE OPO BiICYTHICTH KOH(JIIKTY iHTEpECiB.
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INTEGRATED SUPPLY AND FABRICATION
MODEL IN STEEL CONSTRUCTION:
A CASE STUDY OF SMALL AND MEDIUM
ENTERPRISE OPERATIONAL PRACTICE

MHAVH IHhIWOHOX3

Summary. Small and medium enterprises in steel construction typically specialize in a single function, specifically trading,
fabrication, or installation, creating information and quality gaps between supply chain stages that increase defect risk and reduce
client accountability. Integrated models combining these functions within a single organizational structure have been documented
for large corporations but remain under-represented in academic literature for SME contexts where resource constraints and
management concentration create different operational dynamics. A longitudinal case study of Kharkiv Stal LLC (Kharkiv, Ukraine),
documenting the enterprise’s twelve-year evolution (2013-2025) from a steel trading startup to an integrated supply-fabrication-
service (ISFS) operation encompassing certified material procurement, structural steel fabrication, profiled sheeting production,
and post-delivery client support. Operational data spanning four development phases demonstrate that vertical integration of
supply and fabrication functions within a single SME enabled 100% certified material sourcing, repeat client revenue exceeding
60% of annual turnover, and revenue growth from startup levels to over UAH 40 million annually with a diversified portfolio
spanning trading, fabrication, and finishing services. As a contribution, the ISFS model is proposed as a potentially transferable
framework, subject to validation in other SME contexts, identifying the preconditions, integration mechanisms, and performance

indicators relevant to small enterprises pursuing vertical integration strategies in steel construction markets.
Key words: steel construction, small and medium enterprise, supply chain integration, fabrication management, quality

assurance, case study, vertical integration, client service model.

ntroduction. Global steel production reached 1.9

billion tons in 2023, with construction applications
consuming over 50% of total output [12]. Structural
steelwork, metal cladding, and associated fabrication
services serve industrial, commercial, agricultur-
al, and infrastructure sectors across every national
market. In most countries, the sector is populated
by a large number of small and medium enterprises
that collectively process most of the structural steel
tonnage, even where a few large fabricators domi-
nate high-profile project segments. Ukraine’s steel
construction market follows this pattern: alongside
several large fabricators with capacities exceeding
10,000 tons per year, hundreds of SMEs operate in
the 500-5,000 ton range, serving regional demand
for warehouses, workshops, agricultural buildings,
commercial premises, and light industrial structures
[13; 14].

A distinguishing feature of the SME segment is
functional fragmentation. Steel trading companies pur-
chase material from mills and distributors, maintain-
ing inventory for resale to fabricators and construction
firms. Fabrication workshops receive material from
trading companies or directly from mills, converting it
into structural components through cutting, welding,
and assembly operations. Installation contractors erect
the fabricated structures at construction sites. Each
entity operates within its own commercial and quality
management boundaries, and the interfaces between
them represent points where information is lost and
accountability is diluted. A trading company deliver-
ing steel to a fabricator transfers a mill certificate;
whether that certificate is consulted during welding
procedure selection depends on the fabricator’s inter-
nal practices. A fabricator shipping structural com-
ponents to an installation site provides dimensional

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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drawings; whether those drawings account for actual
(rather than nominal) member dimensions depends
on the fabricator’s measurement discipline. At each
handover point, quality information degrades unless
formal protocols preserve it; a pattern the author has
observed consistently across two decades of profession-
al engagement with the steel supply chain.

Published research on supply chain integration in
manufacturing draws extensively on value chain the-
ory originated by Porter [1], who identified primary
and support activities as the building blocks of com-
petitive advantage. Womack and Jones [2] extended
this framework through lean thinking, emphasizing
the elimination of waste across the value stream from
raw material to end customer. Gunasekaran et al. [3]
developed performance measurement frameworks
for supply chain management, identifying metrics at
strategic, tactical, and operational levels. More recent
research has refined these foundations: Mittal et al.
[15] examined enabling factors for smart manufac-
turing in SMEs, while Chiarini [8] linked sustainable
manufacturing practices to supply chain configuration.
All of these works, however, address supply chain inte-
gration primarily from the perspective of enterprises
with dedicated functional departments and formalized
inter-organizational relationships, leaving the SME
configuration, where a single owner-manager may si-
multaneously oversee procurement, production, sales,
and quality, largely outside their analytical scope.

Individual case studies of steel enterprises have
examined lean implementation in large-scale steel
production [5], quality management systems as orga-
nizational frameworks [10], and digital transformation
pathways for manufacturing [15], but none has docu-
mented the operational mechanics and performance
outcomes of an integrated supply-fabrication-service
model in an SME context over a multi-year develop-
ment trajectory. Yin [4] identifies the “revelatory case”
as a legitimate rationale for single-case study design:
a situation where the researcher has access to a phe-
nomenon previously unavailable for scientific obser-
vation. An SME founder documenting the complete
operational history of an enterprise from inception
through twelve years of growth, diversification, and
wartime adaptation constitutes such a case.

Kharkiv Stal LLC (Kharkiv, Ukraine), founded in
2013, provides the empirical basis for this study. Start-
ing as a steel trading operation with minimal initial
capital, the enterprise evolved through four distinct de-
velopment phases over twelve years into an integrated
operation with certified supplier relationships, in-house
fabrication capacity, and a client base generating over
UAH 40 million in annual revenue. Having served as
both founder-director and researcher enables the au-
thor to have access to complete operational records from
inception, while also requiring explicit methodological
safeguards against confirmation bias, which are ad-
dressed in the Methods section. Operations spanned

14

a period that included rapid market growth (2017-2021),
the full-scale military conflict beginning in February
2022, and subsequent wartime adaptation, a trajectory
that tested the resilience of the integrated model under
conditions that no controlled study could replicate.

Presented here is a documentation and systemati-
zation of the Integrated Supply-Fabrication-Service
(ISFS) model as implemented at Kharkiv Stal LLC,
analyzing its operational structure, quality assurance
mechanisms, client interaction patterns, and quantita-
tive performance over the 2013-2025 period. Results
and Discussion sections are presented separately to
distinguish factual operational data from their inter-
pretation. Scientific novelty lies in the formalization
of a vertically integrated SME operational model in
steel construction, documented through longitudinal
data from a single enterprise across multiple market
conditions including peacetime growth and wartime
adaptation. Practical contribution consists in identi-
fying the preconditions, integration mechanisms, and
measurable performance outcomes that other SMEs
can evaluate when considering similar vertical inte-
gration strategies.

Literature review. Supply chain integration as
a competitive strategy has been studied across man-
ufacturing sectors for over three decades, generat-
ing theoretical frameworks, empirical evidence, and
prescriptive models at varying scales of enterprise.
For the steel construction SME context examined in
this study, four research streams are directly relevant:
vertical integration theory and its application to man-
ufacturing, supply chain quality management, SME
operational models, and industry-specific case studies
in steel and metalworking.

Vertical integration refers to the extent to which
a firm owns or controls successive stages of the value
chain for its products. Harrigan [17] distinguished
between full integration (complete ownership of ad-
jacent stages), taper integration (partial ownership
supplemented by market transactions), and quasi-
integration (long-term contracts or equity stakes
without full ownership). For manufacturing SMEs,
full vertical integration is typically constrained by
capital requirements: owning a steel mill, a fabrication
workshop, and a construction crew simultaneously
exceeds the financial capacity of most small enterpris-
es. What becomes feasible is selective integration of
adjacent stages, for example, combining trading and
fabrication, or fabrication and installation, where the
capital requirement for adding the adjacent function
is proportionate to the enterprise’s existing resource
base. A strategic question is which combination of
stages generates the greatest competitive advantage
for a given investment, and the answer depends on
where in the value chain the most significant quality
and information losses occur [1; 2].

Supply chain quality management (SCQM) ex-
amines how quality practices extend beyond the
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boundaries of a single firm to encompass supplier re-
lationships, inter-organizational information flows, and
customer feedback loops. Kuei et al. [18] identified six
dimensions of SCQM: leadership commitment, stra-
tegic planning, human resource focus, supplier focus,
customer focus, and quality information availability.
Their empirical analysis of 214 firms in Taiwan found
that quality information availability, specifically the
degree to which quality data flows freely across orga-
nizational boundaries, was the strongest predictor of
supply chain performance. Robinson and Malhotra [19]
conducted a comprehensive literature review of SCQM,
concluding that the field had evolved from a narrow
focus on supplier quality auditing toward a broader
view encompassing collaborative quality planning,
joint problem-solving, and shared performance met-
rics. For steel construction, where material quality at
the procurement stage propagates through fabrication
into the finished structure’s performance over decades
of service, the availability and continuity of quality
information across supply chain stages is particularly
consequential.

ISO 9001:2015 [10] provides the management sys-
tem architecture within which SCQM operates at the
firm level, requiring documented processes for suppli-
er evaluation, incoming material verification, in-pro-
cess control, and customer feedback management.
ISO 3834-2:2021 [11] adds welding-specific quality
requirements that link material properties (chemical
composition, mechanical characteristics) to fabrica-
tion process parameters (welding procedures, preheat
temperatures, interpass constraints). EN 1090-2:2018
[9] establishes execution classes that determine the
minimum levels of material traceability, dimensional
tolerance, and inspection intensity for steel structures.
Individually, these standards define what must be
controlled at each stage; collectively, they create a qual-
ity framework that spans the material-to-structure
chain. For a fragmented supply chain where different
enterprises hold different certifications, compliance
is verified at organizational boundaries through doc-
ument exchange. For an integrated enterprise holding
all three certifications, compliance is verified through
internal processes with no inter-organizational infor-
mation gaps.

SME operational models in manufacturing have
been characterized by several distinguishing fea-
tures that differentiate them from large-enterprise
models. Ghobadian and Gallear [20] compared total
quality management implementation between large
and small firms, identifying that SMEs benefit from
shorter communication lines, faster decision cycles,
and direct owner involvement in quality, but suffer
from limited specialist expertise, informal documen-
tation, and vulnerability to key-person dependency.
Srinivasan et al. [5] applied Lean Six Sigma method-
ology to a steel industry context using Yin’s case study
approach, demonstrating that structured improvement

frameworks originally developed for automotive and
electronics manufacturing can be adapted to steel
processing environments with measurable gains in
cycle time and defect reduction. Their study, conducted
at a galvanizing line within a larger steel operation,
documented a 42% reduction in non-value-added time
and significant improvement in process cycle efficiency
through targeted application of value stream mapping
and statistical process control.

Distinctions between SME integration in stable
markets and in volatile or conflict-affected environ-
ments has received limited academic attention. Ates
et al. [16] noted that emerging economy SMEs face
institutional voids, specifically gaps in market in-
frastructure, regulatory enforcement, and financial
services, that simultaneously constrain growth and
create opportunities for enterprises willing to in-
ternalize functions that market institutions would
otherwise provide. Such dynamics resonate with the
Ukrainian steel construction context, where supply
chain fragmentation is partly a consequence of market
immaturity: the institutional mechanisms that enable
reliable inter-firm quality coordination in mature mar-
kets (industry-wide certification bodies, established
reputational networks, enforceable quality warranties)
are less developed, creating an incentive for individual
enterprises to integrate functions rather than depend
on external coordination.

Digital transformation offers SMEs potential tools
for achieving integration benefits without full vertical
ownership. Moeuf et al. [6] found that SMEs adopt-
ing Industry 4.0 technologies tended to implement
cloud-based ERP systems, basic IoT sensors, and dig-
ital quality records before attempting more advanced
technologies like digital twins or artificial intelligence.
Matt and Rauch [7] proposed an SME 4.0 framework
emphasizing that technology adoption in small firms
follows a pragmatic path driven by immediate return
on investment rather than comprehensive digital strat-
egy. For steel construction SMEs, ERP-based inte-
gration of procurement, inventory, production, and
delivery data represents the most accessible digitali-
zation pathway, enabling information continuity across
supply chain stages without requiring the sensor in-
frastructure and data analytics capability that large-
enterprise Industry 4.0 implementations demand [15].

Figure 1 positions the ISFS model within Porter’s
value chain framework, illustrating which primary
and support activities are internalized within the
integrated SME versus outsourced or absent in the
fragmented model.

In the fragmented model, inbound logistics (materi-
al procurement and inventory) resides with the trading
company, operations (fabrication) with the workshop,
outbound logistics and service with the installation
contractor, and quality information transfers between
entities through documents that may or may not be
consulted at the receiving end. In the ISF'S model, all
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primary activities from procurement through service
reside within a single enterprise, enabling continuous
quality information flow, unified performance met-
rics, and direct feedback from client experience to pro-
curement and fabrication decisions. Support activities
(firm infrastructure, human resource management,
technology) similarly operate under unified manage-
ment rather than being distributed across independent
entities with potentially conflicting priorities.

Across the reviewed literature, supply chain inte-
gration theory provides the strategic rationale for com-
bining adjacent value chain stages. SCQM research
identifies quality information continuity as the critical
enabler of supply chain performance. SME studies
document the specific constraints and opportunities
that small enterprises face when pursuing integra-
tion. Steel industry case studies demonstrate that
structured improvement methodologies can deliver
measurable gains in metalworking environments. No
identified source, however, documents the complete
operational trajectory of a steel construction SME that
progressively integrated trading, fabrication, and ser-
vice functions over a multi-year period, tracking the
preconditions for each integration step, the mecha-
nisms through which integration produced operational
benefits, and the quantitative performance outcomes
across changing market conditions. Such a longitu-
dinal integration gap defines the contribution of the
present case study.

Materials and methods. This study employs
a single-case embedded design following Yin’s [4]
case study methodology. Yin identifies five ratio-
nales for single-case design: the critical case (testing

(a) Fragmented supply chain

a well-formulated theory), the extreme or unique case,
the representative case, the revelatory case (previously
inaccessible to observation), and the longitudinal case
(same case at multiple time points). By combining the
revelatory and longitudinal rationales: the author’s
position as founder and director of Kharkiv Stal LL.C
provides access to complete operational data from the
enterprise’s inception, data that would be unavailable
to an external researcher, while the twelve-year ob-
servation period (2013—2025) enables analysis of the
enterprise’s evolution across distinct market phases.

An embedded design with three units of analysis
corresponding to the three components of the ISFS
model: the supply component (procurement practices,
supplier relationships, material quality assurance),
the fabrication component (production capabilities,
process organization, in-process quality control), and
the service component (client interaction patterns,
post-delivery support, feedback mechanisms). Each
unit is analyzed through its own set of data sources
and performance indicators, while cross-unit analysis
examines how integration between components gener-
ates outcomes that the individual components could
not achieve independently.

Data sources comprise four categories. Operational
records include procurement logs (supplier, product,
quantity, certification type, and price for every incom-
ing shipment), production records (order specifications,
cutting plans, welding protocols, inspection results,
and delivery documentation), and client records (or-
der history, delivery dates, complaint logs, and repeat
purchase patterns). Financial summaries include an-
nual revenue, cost structure breakdowns, and margin

Steel Trading Fabrication Installation
————————— > —————————>
Company Workshop Contractor
Information Information
discontinuity discontinuity
Procurement Production Delivery & service

(b) Integrated Supply-Fabrication-Service (ISFS) model

Single enterprise

Supply

Fabrication
Component

|
I
|
|
|
: Component
|
|
|
|
|

Fig. 1. Porter’s value chain adapted: fragmented supply chain versus integrated ISFS model in steel construction SME
Source: developed by the author based on Porter [1] and operational practice
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analysis aggregated from the enterprise’s accounting
system (data are presented in ranges rather than exact
figures to maintain commercial confidentiality while
preserving analytical value). Quality records include
incoming material inspection results, in-process re-
work logs, final inspection outcomes, and post-delivery
client feedback collected since the formalization of the
quality management system in 2017. Contextual re-
cords include supplier correspondence, client meeting
notes, and the author’s contemporaneous observations
documented in operational notes maintained since
2013, formalized into structured journals from 2015
when the enterprise’s operational complexity warrant-
ed systematic documentation.

Analytically, the approach follows a pattern-
matching logic [4], comparing the observed enter-
prise trajectory against two alternative theoretical
predictions: (a) that vertical integration in an SME
creates bottlenecks and management overload that
limit growth beyond a certain threshold, and (b) that
vertical integration creates synergies that enable sus-
tainable growth through quality differentiation and
client retention. Performance indicators were selected
to discriminate between these predictions: revenue
trajectory (growth versus plateau), client retention
rate (increasing versus stable versus declining), quality
metrics (improving versus stable versus deteriorat-
ing), and product portfolio breadth (expanding versus
static). Convergent evidence across multiple indicators
toward prediction (b) would support the proposition
that the ISF'S model generates sustainable compet-
itive advantage for the SME; mixed or contradictory
evidence would suggest conditional applicability.

Methodological limitations require explicit acknowl-
edgment. A dual role as enterprise founder and re-
searcher creates inherent risk of confirmation bias:
a natural tendency to interpret ambiguous data in
ways that validate the model one has built. Three
safeguards mitigate this risk without eliminating it.
First, quantitative performance data (revenue, order
counts, rejection rates, client retention percentages)
are drawn from accounting and quality management
records that were created for operational purposes

before the research was conceived, reducing the possi-
bility of retrospective data selection. Second, negative
evidence is actively reported: instances where integra-
tion created problems (management overload during
peak periods, capital concentration risk, wartime sup-
ply disruptions) are documented alongside successes.
Third, the Discussion section explicitly addresses al-
ternative explanations for observed outcomes, includ-
ing market conditions, geographic advantages, and
competitive dynamics that may have contributed to
the enterprise’s trajectory independently of the ISFS
model. No causal proofis claimed that the ISFS model
produced the observed results; it documents the co-oc-
currence of the model’s implementation with specific
performance outcomes and proposes the integration
mechanisms through which the model may have con-
tributed to those outcomes.
Results

1. Company profile and evolution

Kharkiv Stal LLC was registered in Kharkiv,
Ukraine in 2013 as a steel trading enterprise. With
over a decade of prior experience in the metal products
market, having worked in steel procurement and sales
since the early 2000s. Initial operations comprised
purchasing structural steel from regional distributors
and reselling it to construction firms and small fabrica-
tion workshops in the Kharkiv region. Starting capital
was minimal, the team consisted of the founder and
one assistant, and the enterprise operated without
its own warehouse, arranging deliveries directly from
distributor stock to client sites.

Development over the subsequent twelve years can
be characterized through four distinct phases, each
marked by a qualitative shift in operational capability
and market positioning. Table 1 summarizes these
phases.

Phase 1 (2013—2015) established the commercial
foundation. Revenue grew steadily during this phase,
driven by the founder’s existing relationships in the
regional construction market. During this phase, the
enterprise functioned as a pure intermediary: purchas-
ing steel at wholesale prices and reselling with a trad-
ing margin. Quality control was limited to verifying

Table 1
Development phases of Kharkiv Stal LLC (2013-2025)
Phase Period Primary activity Key capability milestones
1. Trading startup 2013-2015 |Steel resale from distributor stock First direct mill contracts; client base
formation; first leased warehouse
2. Trading + basic fab-| 2015-2017 |Steel trading with cutting and light|Plasma cutting equipment; first pro-
rication fabrication duction zone; EN 10204 type 3.1 policy
3. Integrated supply-| 2017-2020 |Certified trading, structural fabrica-|3 production zones; ISO 3834 welding;
fabrication tion, profiled sheeting sheeting line; 5 certified suppliers
4. Full ISFS + wartime| 2020-2025 |Integrated supply, fabrication, service,| ERP order management; wartime re-
adaptation support structuring; geographic expansion

Source: compiled by the author based on operational records, Kharkiv Stal LL.C. Revenue, staff, and other quantitative indicators are

consolidated in Table 5 (Section 4.6)
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delivery documentation against order specifications. In
retrospect, two operational patterns during this phase
created the conditions that motivated subsequent inte-
gration. First, the enterprise had no control over the
quality of material it sold: when a client reported that
the delivered plate did not match the specified grade,
the trading company could only relay the complaint to
the distributor, with resolution depending on the dis-
tributor’s willingness to investigate. Second, margins
on pure trading were thin and vulnerable to price com-
petition from other traders offering identical products
from the same distributors at marginally lower prices.

Phase 2 (2015-2017) added basic fabrication capa-
bility. Initial production space (~800 m?) was leased,
and the enterprise acquired production space (~800
m?2) and acquired plasma cutting equipment, enabling
it to offer cut-to-size plates and sections alongside
standard trading inventory. Two consequences followed
from this capability shift. Commercially, it allowed
the enterprise to capture fabrication margin on top of
trading margin, increasing gross margins on orders
that included cutting services (specific margin data are
reported in Table 5). Operationally, it created the first
direct contact between the enterprise and the physical
properties of the material it handled: operators cutting
steel plates discovered dimensional inconsistencies and
surface defects that were invisible in the documenta-
tion-only trading model. This hands-on quality feed-
back motivated the decision in 2017 to adopt a 100%
certified sourcing policy, requiring EN 10204 type 3.1
mill certificates for every incoming shipment of struc-
tural steel, and transitioning supplier relationships
from ad hoc purchasing to formal agreements with
five certified mills and primary distributors.

Phase 3 (2017-2020) represented the core integra-
tion period. Production capacity expanded to three
working zones totaling approximately 4,100 m2. The
product portfolio expanded from steel trading with
cutting services to include fabricated structural com-
ponents (trusses, frames, platforms, canopies, stair-
ways), custom metalwork (conveyor supports, equip-
ment frames, agricultural structures), and profiled
sheeting in multiple profiles and coatings. Welding
quality was formalized under ISO 3834 requirements,
and execution class EXC2 per EN 1090-2 became the
standard for structural work. By the end of Phase 3,
the enterprise was processing 5-8 concurrent orders

across its three zones, with annual throughput of ap-
proximately 800—1,200 tons of structural steel and
150,000—200,000 m? of profiled sheeting.

Phase 4 (2020-2025) added the service dimension
and tested the model under extreme conditions. Client
interaction evolved from transactional (deliver and in-
voice) to relational (consult, specify, fabricate, deliver,
follow up). An ERP-based order management system
replaced manual tracking, enabling real-time visibility
of order status from material procurement through
production to delivery. When full-scale military conflict
began in February 2022, the enterprise’s operations
were directly affected: Kharkiv experienced sustained
shelling, supply routes were disrupted, some clients
suspended construction activity, and several employees
were mobilized.

The integrated model proved more adaptable than
a fragmented alternative would have been: because
the enterprise controlled its own material inventory
rather than depending on just-in-time deliveries from
external traders, production could continue using ex-
isting stock during periods when incoming supply was
interrupted. Supplier relationships were restructured
to accommodate altered logistics (western routing re-
placing disrupted eastern corridors), and the product
mix shifted toward military-adjacent construction (for-
tification elements, rapid-assembly shelters, repair
components for damaged structures). By 2024—-2025,
revenue had recovered to pre-conflict levels and the en-
terprise was serving clients across a wider geographic
area than before the conflict, having established deliv-
ery capability beyond the Kharkiv region.

2. Supply component: procurement and ma-
terial management

The supply component of the ISFS model encom-
passes supplier selection, procurement execution,
inventory management, and incoming quality verifi-
cation. Since Phase 3 (2017 onward), five certified sup-
pliers have constituted the core procurement portfolio,
each contributing specific product categories. Table 2
presents the supplier structure.

The current product range exceeds 2,000 SKU
spanning seven categories: structural plate and sheet
(S235JR through S355J2, thickness 3—20 mm), struc-
tural sections (angles, channels, I-beams from 50
mm to 400 mm), profile tubes (rectangular, square,
and circular, 15x15 mm to 200x200 mm), rebar and

Table 2

Supplier portfolio: product categories, certification, and relationship duration

Supplier Product categories Certificate type Relationship since
Metinvest-SMC Hot-rolled plate, sections, rebar, wire EN 10204 type 3.1 2015
ArcelorMittal Kryvyi Rih Structural sections, merchant bar EN 10204 type 3.1 2016
Cascade Hot-rolled and cold-rolled coil, sheet EN 10204 type 3.1 2017
Slavsant Galvanized and polymer-coated coil EN 10204 type 3.1 2017
AV Metal Group Profile tubes, hollow sections EN 10204 type 3.1 2018

Source: compiled by the author based on procurement records, Kharkiv Stal LLC
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reinforcing mesh (diameter 6—-32 mm), galvanized
and polymer-coated coil (0.35—-0.85 mm, zinc coating
7100-Z275, polymer in RAL color range), welding con-
sumables (wire, electrodes matched to base material
grades), and fasteners (bolts, nuts, washers, anchor
assemblies for structural connections).

Incoming quality verification follows a standard-
ized protocol for every shipment. Mill certificates are
checked against order specifications before unloading:
supplier name, steel grade, heat number, chemical
composition, and mechanical test results are verified
against EN 10025 requirements. Dimensional verifi-
cation includes spot thickness measurements at 4-6
points per plate or coil using a calibrated ultrasonic
gauge. Surface condition is assessed visually during
unloading, with any material showing corrosion, me-
chanical damage, or coating defects segregated for
evaluation before acceptance. Since the transition to
100% certified sourcing in 2017, incoming rejection
rates have remained below 1% of deliveries, with re-
jections primarily attributable to transport damage
rather than material non-conformance.

Inventory management balances two competing
objectives: maintaining sufficient stock to enable rapid
order fulfillment (clients in construction frequently
require material within 1-3 days rather than the 2—4
week lead time for mill orders) and minimizing capital
locked in inventory. The enterprise maintains a roll-
ing stock valued at approximately UAH 5—8 million,
comprising high-turnover items (S235/S275 plate 4—10
mm, profile tubes 40x40 through 100x100, rebar 10-16
mm, galvanized coil 0.45-0.55 mm) that account for
70-80% of order volume. Lower-turnover or project-
specific material is procured against confirmed orders.

3. Fabrication component: production capa-
bilities and processes

Fabrication operations occupy three production
zones that were established progressively as the en-
terprise’s capability expanded. Cutting capability, ac-
quired in Phase 2 with the lease of initial production
space, grew into a dedicated zone of approximately
1,200 m? housing plasma cutting equipment (capacity
up to 40 mm carbon steel), oxy-fuel cutting stations for

Zone 1: Cutting Zone 2: Welding & Assembly
I [

heavy plate, and mechanical cutting tools (band saws,
shears) for sections and tubes. Welding and assembly
capability, added during Phase 3, occupies approxi-
mately 1,800 m? containing MIG/MAG and manual
arc welding stations, assembly jigs, and overhead crane
capacity for handling structural assemblies up to 5
tons. The finishing zone, also established in Phase 3,
encompasses approximately 1,100 m2 incorporating the
profiled sheeting line, surface preparation equipment
(grinding, primer application), and the dispatch area.
Combined production area of approximately 4,100
m? represents a facility that was built incrementally
through reinvested operating cash flow rather than
designed as a greenfield layout.

The production flow from material receipt to dis-
patch follows six stages, with quality verification inte-
grated at each transition. Figure 2 presents this flow
schematically.

Stage 1 (material receipt and incoming inspection)
verifies identity, grade, dimensions, and surface con-
dition against the order specification and mill cer-
tificate. Stage 2 (cutting) converts raw material into
components per cutting plans; cut parts are checked
for dimensional accuracy against tolerances specified
in the order. Stage 3 (welding and assembly) joins cut
components into structural assemblies per welding
procedure specifications matched to the base material
grade and thickness; visual inspection of every weld
and dimensional verification of completed assemblies
occur before the assembly advances. Stage 4 (surface
treatment) applies primer, paint, or other protective
coating as specified; coating thickness is verified by
gauge measurement. Stage 5 (final inspection) con-
ducts a comprehensive check covering dimensions,
weld quality, surface treatment completeness, and doc-
umentation accuracy. Stage 6 (packaging and dispatch)
prepares the product for transport with appropriate
protective measures.

The profiled sheeting line operates as a parallel
production stream, converting galvanized or polymer-
coated coil into finished roofing tiles, corrugated wall
panels, and flat profiled sheet. Machine parameters
(roller pressure, forming speed, cut length) are verified

Zone 3: Finishing

Stage 1 Stage 3
Material — %:tjt(%ﬁz Welding &
Receipt 9 Assembly

—

Stage 4
Surface
Treatment

—

Stage 5
Final
Inspection

—

Stage 6
Dispatch

Fig. 2. Production flow: six stages with integrated quality checkpoints

Source: developed by the author based on operational practice, Kharkiv Stal LLC
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at the start of each production run using sample pieces
inspected for coating integrity at all bend radii before
full production proceeds.

Production capacity allows concurrent processing
of 5-8 fabrication orders and continuous sheeting pro-
duction during standard working hours. During peak
demand periods (typically spring and early summer in
the Ukrainian construction season), capacity utiliza-
tion reaches 85-90%. During the wartime period (2022
onward), production scheduling adapted to intermit-
tent electricity supply and periodic operational pauses
during active shelling. A diesel generator maintained
power for critical operations (plasma cutting, welding,
crane systems), and flexible shift patterns concentrat-
ed production during periods of stable grid supply.

4. Quality assurance across the supply-
fabrication chain

Quality assurance at Kharkiv Stal operates
through four sequential levels spanning the materi-
al-to-delivery chain. Rather than describing inspec-
tion procedures at each level (which follow standard
industry practice per EN 1090-2 [9] and ISO 3834-2
[11]), this section focuses on the integration-specific
advantages that arise from conducting all four levels
within a single enterprise.

At Level 1 (incoming material quality), the critical
integration benefit is that quality information gathered
during inspection, specifically actual thickness read-
ings, chemical composition from the mill certificate,
surface condition observations, transfers directly into
production planning within the same organization.
A fabricator purchasing material from an external
trader receives a mill certificate as a document; an
integrated enterprise receives the same data as oper-
ational input already embedded in its quality system.

At Level 2 (in-process fabrication quality), the in-
tegration benefit operates bidirectionally. When a pro-
duction issue is detected, for example, inconsistent
weld penetration on a plate that met all incoming
specifications, the quality system traces backward to
the specific shipment, supplier, and heat number, and
forward to any other orders using material from the

same batch. In a fragmented chain, backward tracing
requires cross-organizational communication that may
take days; in the integrated model, it takes minutes.

At Level 3 (final product quality), integration en-
sures that inspection criteria reflect actual material
properties rather than nominal specifications. Final
dimensional checks account for the actual thickness
measured at incoming (Level 1), not the nominal thick-
ness on the drawing, because the same system holds
both data points.

At Level 4 (post-delivery quality and client feed-
back), integration closes the information loop. Client
feedback on structural performance, assembly fit,
and coating durability during service feeds back into
procurement decisions (supplier performance rating),
production adjustments (process parameter refine-
ment), and product development, creating a continu-
ous improvement cycle that spans the entire supply-
fabrication-service chain.

Table 3 presents quantitative quality metrics across
the four levels for the most recent three-year period
(2023-2025).

The complaint rate of 0.4 per 100 deliveries mer-
its contextual interpretation. During Phase 1 (2013-
2015), when the enterprise functioned as a pure trader
without fabrication capability, complaint resolution
depended on the upstream distributor’s cooperation
and could take weeks. During Phase 4 (2023—-2025),
complaints are resolved internally within 1-3 work-
ing days because the enterprise controls the full pro-
duction chain and can identify whether the issue
originated in material (Level 1), fabrication (Level
2), inspection (Level 3), or transport/handling (post-
Level 3). This resolution speed is itself a competitive
advantage: construction clients operating under tight
schedules value rapid problem resolution over zero-de-
fect promises that cannot be verified until after the
project deadline.

5. Client interaction and market development

The service component of the ISFS model encom-
passes client acquisition, order specification, deliv-
ery logistics, post-delivery support, and long-term

Table 3

Quality metrics by assurance level (2023-2025 averages)

Quality level Metric Target Actual (2023-2025)
Level 1: Incoming Shipment rejection rate < 2% 0.8%
Level 1: Incoming Certificate non-conformance 0% 0%
Level 2: In-process Rework rate (cutting) < 3% 1.8%
Level 2: In-process Rework rate (welding) <5% 2.9%
Level 2: In-process Rework rate (assembly) <3% 1.4%
Level 3: Final First-pass inspection rate > 90% 94.2%
Level 3: Final Documentation completeness 100% 99.6%
Level 4: Post-delivery Complaint rate (per 100) <2 0.4
Level 4: Post-delivery Repeat order rate < 50% 62%

Source: compiled by the author based on quality management records, Kharkiv Stal LL.C, 2023-2025
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relationship management. Evolution of this component
parallels the enterprise’s four development phases,
shifting from transaction-based interaction (Phase
1-2) to relationship-based engagement (Phase 3-4).

During the trading-only period (Phase 1), client
interaction was transactional: price quotation, order
acceptance, delivery, and invoicing. Differentiation
from competing traders was limited to delivery reli-
ability and personal relationships, with no quality or
technical advantage available.

Addition of fabrication capability (Phase 2—3)
transformed the client interaction model. Clients
could now request material as well as processing
services, including cut-to-size plates, welded assem-
blies, custom brackets, and complete structural com-
ponents designed to their specifications. Technical
consultation became part of the sales process: the
enterprise’s production staff could advise clients on
material selection (which grade and thickness for
a given structural application), connection design
(welded versus bolted, detail geometry), and surface
protection (appropriate coating system for the intend-
ed service environment). This consultative capability
attracted a different client profile, specifically con-
struction companies and industrial enterprises that
valued engineering input alongside material supply,
and shifted the competitive basis from price per ton
to value per project.

Client segments span industrial enterprises, con-
struction companies, agricultural enterprises, and in-
dividual clients. Industrial and construction segments
generate approximately 75% of annual revenue.

Geographic market reach expanded progressively
from the immediate Kharkiv area (Phase 1) to the
broader Kharkiv Oblast (Phase 2—-3) and, following
wartime disruption, to a national scope including cen-
tral and western Ukrainian regions where the enter-
prise had no prior presence.

Repeat client revenue grew from an estimated 25—
30% of annual turnover in Phase 1 (when the enter-
prise was new and client relationships were forming)

to over 60% in Phase 4. This growth trajectory de-
veloped in parallel with the enterprise’s expanding
service scope, as the share of clients utilizing multiple
services (trading + fabrication, or fabrication + deliv-
ery + consultation) grew relative to clients purchasing
a single product category.

6. Quantitative performance assessment

Growth was not without setbacks. During the
Phase 2-3 transition (2016-2018), concurrent man-
agement of expanding supplier negotiations, produc-
tion scheduling, client quotations, and quality doc-
umentation created operational bottlenecks: client
response times periodically exceeded 48 hours and
scheduling conflicts resulted in delivery delays on an
estimated 10-15% of orders during peak periods. The
2022 conflict onset produced a sharper disruption:
revenue declined by an estimated 40-50% in the first
six months before adaptation measures restored oper-
ational continuity.

Table 4 aggregates the key performance indicators
across the enterprise’s twelve-year trajectory, orga-
nized by development phase. Figure 3 visualizes the
revenue and order volume trends.

Several patterns emerge from the longitudinal
data. Revenue growth was not linear: Phase 1 showed
rapid percentage growth from a low base (approxi-
mately 4x over three years), Phase 2 showed moder-
ate growth (approximately 2x as fabrication margins
supplemented trading), Phase 3 showed accelerating
growth (approximately 2x as the integrated model
attracted higher-value orders), and Phase 4 showed
resilience and recovery (dip during 2022 conflict onset,
followed by recovery to pre-conflict levels by 2024 and
continued growth in 2025).

Gross margin expansion from 8-12% (pure trad-
ing) to 20-30% (integrated ISFS) reflects the progres-
sive capture of value-added stages. Each integration
step, from resale to cutting, from cutting to welding,
from welding to complete fabrication, from fabrica-
tion to sheeting, from product delivery to technical
consultation, added margin layers that cumulatively

Table 4

Key performance indicators by development phase (2013-2025)

Indicator Phase 1 (2013-15) | Phase 2 (2015-17) | Phase 3 (2017-20) Phase 4 (2020-25)
Revenue (UAH M) 2-8 8-15 15-30 30-45
Orders/year 50-150 150-400 400-800 600-1,000
Product categories 1 3 5 7
Staff (year-end) 2-4 5-10 10-20 15-25
Supplier certification Mixed ~60% type 3.1 100% type 3.1 100% type 3.1
Gross margin 8-12% 15-22% 18-28% 20-30%
Repeat client share 25-30% 35-45% 50-58% 60-65%
Complaint rate (/100) Not tracked ~3 ~1 0.4
Capacity (tons/yr) N/A ~200 800-1,200 1,000-1,500

Source: compiled by the author based on financial and operational records, Kharkiv Stal LLC. Revenue in ranges for commercial

confidentiality
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Fig. 3. Revenue trajectory and order volume growth (2013—2025) by development phase
Source: compiled by the author based on financial records, Kharkiv Stal LLC

transformed the enterprise from a low-margin inter-
mediary into a differentiated service provider compet-
ing on capability rather than price alone.

Client complaint rate declined from approximately
3 per 100 deliveries in Phase 2 (when fabrication capa-
bility was newly established) to 0.4 per 100 in Phase 4,
a trajectory that coincided with quality system matu-
ration, supplier base stabilization, and workforce expe-
rience accumulation documented in Sections 4.2—4.4.

Discussion. The operational trajectory document-
ed in Sections 4.1-4.6 can be interpreted through the
theoretical lenses established in the literature review,
while also identifying empirical findings that extend
or qualify existing theoretical predictions.

Porter’s value chain framework [1] predicts that
competitive advantage arises from configuring primary
and support activities in ways that create value for the
buyer at acceptable cost to the firm. The ISFS model
demonstrates a configuration where inbound logistics,
operations, outbound logistics, and service are unified
under single management within an SME structure.
Harrigan’s [17] integration typology classifies this as
selective full integration: the enterprise fully owns and
controls the trading-fabrication-service chain but does
not extend into upstream steel production or down-
stream construction installation. The empirical data
suggest that for SMEs in steel construction generally,
this selective boundary is strategically rational: ex-
tending into steel production would require capital
investment orders of magnitude beyond SME reach,
while extending into construction installation would
require a different workforce skill set and regulatory

22

framework. This finding can be generalized to SMEs
operating in fragmented manufacturing sectors: the
trading-fabrication-service segment represents value
chain territory where SME-scale capital and manage-
ment capacity can achieve integration benefits without
exceeding resource constraints.

Kuei et al. [18] identified quality information avail-
ability as the strongest predictor of supply chain perfor-
mance among the six SCQM dimensions they studied.
The present case provides a mechanism-level illustra-
tion of this finding. When procurement and fabrication
reside within a single enterprise, quality information
flows directly into production parameters without
crossing an organizational boundary. In a fragment-
ed chain, this transfer depends on multiple handoffs,
each representing a potential failure point. The qual-
ity metrics documented in Section 4.4 are consistent
with the SCQM prediction that information continuity
reduces defect generation. This suggests that SMEs
capable of internalizing the procurement-fabrication
interface gain a quality advantage that is structural
rather than dependent on individual vigilance. The
decline in complaint rates from early fabrication to ma-
ture ISF'S operation reflects concurrent quality mecha-
nisms: system formalization, supplier stabilization, and
experience accumulation. For other SMEs considering
similar integration, this trajectory suggests that quali-
ty benefits compound over time rather than appearing
immediately at the point of structural change.

Ghobadian and Gallear [20] characterized SMEs
as benefiting from short communication lines and
direct owner involvement but suffering from limited
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specialist expertise and key-person dependency. The
Kharkiv Stal case confirms both sides of this charac-
terization. Short communication lines enable direct
owner oversight across procurement, production, and
client relationships simultaneously, an integration
capability that larger enterprises achieve only through
formal coordination mechanisms. This concentration
of quality authority in a single decision-maker accel-
erates quality culture development in ways that for-
mal documentation alone cannot replicate, a pattern
likely generalizable to owner-managed SMEs across
manufacturing sectors. Conversely, key-person depen-
dency is the model’s primary vulnerability: during
the most intense period of the 2022 conflict, when the
founder was directly managing evacuation logistics,
supply chain restructuring, and client communication
simultaneously, production coordination suffered until
additional management responsibility was delegated
to senior production staff. The wartime period forced
an acceleration of organizational development that had
been deferred during peacetime growth, transition-
ing from founder-centric to team-distributed decision-
making for routine operations while retaining founder
oversight for strategic and quality-critical decisions.
Repeat client share exceeding 60% suggests that inte-
grated service offerings create relationship continuity
through switching costs, a retention mechanism avail-
able to any SME that combines multiple value chain
stages rather than specializing in one.

The competing prediction, that vertical integra-
tion creates bottlenecks limiting growth, found par-
tial support. Phase transitions and the 2022 conflict
exposed two stress points: management overload
during capability expansion, and financial exposure
from capital concentration during demand shocks.
These findings suggest that SMEs pursuing vertical
integration should anticipate management capacity
constraints at each growth phase and build delegation
mechanisms before they become urgent rather than
after crisis forces the transition. The founder’s ini-
tial resistance to delegating procurement and quality
decisions, overcome by operational necessity during
wartime, illustrates the key-person dependency risk
that Ghobadian and Gallear [20] identified as charac-
teristic of SME quality management.

Transferability of the ISF'S model to other SMEs re-
quires assessment of preconditions. The empirical evi-
dence suggests four necessary conditions for successful
implementation: (1) foundational market knowledge:
the founder’s pre-existing experience in steel trading
provided client relationships and supplier contacts
without which the startup phase would have been sig-
nificantly longer; (2) incremental capital investment,
each integration phase was funded from operating
cash flow rather than external investment, making
the model accessible to bootstrapped enterprises but
requiring patience in the growth trajectory; (3) qual-
ity commitment preceding capability expansion, the

transition to 100% certified sourcing in Phase 2, before
full fabrication capability was established, created the
quality foundation on which subsequent integration
was built; and (4) management willingness to learn
adjacent functions, the founder transitioned from trad-
er to production manager to quality system designer
to client relationship manager progressively, acquiring
competencies that a specialist in any single function
might not pursue. SMEs that lack any of these pre-
conditions may find specific integration steps more
difficult, though not necessarily impossible, to execute.

Conclusions. The Integrated Supply-Fabrication-
Service model documented in this case study demon-
strates that a steel construction SME can achieve
competitive advantage through progressive vertical
integration of trading, fabrication, and client ser-
vice functions within a single organizational struc-
ture. Over twelve years and four development phases,
Kharkiv Stal LLC evolved from a two-person steel trad-
ing startup into an integrated operation with certified
supplier relationships, multi-zone fabrication capabili-
ty, diversified product portfolio, and a service-oriented
client model generating over UAH 40 million in annual
revenue with repeat client share exceeding 60%.

Quality assurance across the integrated supply-
fabrication chain represents the model’s primary
operational advantage. Continuous information flow
from incoming material inspection through produc-
tion stages to post-delivery client feedback, managed
within a single quality management system without
inter-organizational boundaries, produced measurable
outcomes: incoming rejection rates below 1%, in-pro-
cess rework rates of 1.4-2.9% depending on operation
type, first-pass final inspection rate of 94.2%, and cli-
ent complaint rate of 0.4 per 100 deliveries. These
metrics are consistent with the supply chain quality
management prediction that quality information con-
tinuity is the strongest driver of supply chain perfor-
mance, and they provide SME-specific quantification
that the SCQM literature has lacked.

Wartime adaptation (2022-2025) provided an un-
planned but empirically valuable test of the model’s
resilience. The integrated structure offered specific
advantages, specifically inventory buffering, prioritized
supplier relationships, and product-mix flexibility, that
enabled operational continuity under conditions that
would have fragmented a non-integrated supply chain.
While this finding is specific to the Ukrainian conflict
context, the underlying principle, that enterprises con-
trolling more stages of their value chain have more
response options during disruption, is consistent with
supply chain resilience theory and has implications for
SMEs operating in any volatile market environment.

As a single-case study documenting one enter-
prise’s trajectory in a specific market and conflict con-
text, the findings represent a single data point rather
than a generalizable law. The author’s dual role as
founder and researcher, while enabling unprecedented
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data access, introduces interpretation risks that the
methodological safeguards described in Section 3 mit-
igate but cannot eliminate. Quantitative performance
outcomes reflect the combined effect of the ISFS model
and numerous concurrent factors (market conditions,
competitive dynamics, macroeconomic trends, wartime
disruption) that cannot be isolated through observa-
tional methodology.

Four preconditions for ISFS model implementation
emerged from the longitudinal analysis: foundational
market knowledge, incremental capital investment,
quality commitment preceding capability expansion,
and management willingness to acquire adjacent-
function competencies. These preconditions define
the boundary conditions within which the model is
likely to be replicable, and they suggest that successful

integration is a multi-year developmental process rath-
er than a configuration that can be designed and im-
plemented at a single point in time.

Further research should pursue three complemen-
tary directions: multi-case comparative studies ex-
amining whether the ISFS model produces similar
outcomes at other steel construction SMEs in different
market contexts; quantitative modeling of the rela-
tionship between integration depth and performance
metrics across a sample of enterprises at varying
integration levels; and longitudinal studies of SME
adaptation in conflict-affected markets, where the
interplay between supply chain structure and opera-
tional resilience can be examined with the analytical
rigor that the single-case design of the present study
cannot provide.

JOIJATKOBA IHOOPMALIIA
DOIHAHCYBAHHS: ABropu He 0TPUMYBAJIH (PiHAHCYBAHHSA [IJIA I[bOTO JOCITIHKEeHHS.
3ASABA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCA.
KOH®JIIKT THTEPECIB: ABTopu 3asABIANTH IIPO BiACYTHICTh KOHQJIIKTY iHTEPECIB.
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REGULATORY HARMONIZATION ANALYSIS
AND STRATEGIC RECOMMENDATIONS: A CASE STUDY
ON THE IMPORT OF EUROPEAN HEAVY-DUTY TRUCK
COMPONENTS AND THEIR IMPACT ON THE U.S. MARKET

Summary. This article investigates the jurisprudential and technical divergence between the US self-certification regime (ex-
post enforcement) and the EU type approval paradigm (ex-ante verification), identifying this discrepancy as the primary driver
of market fragmentation. Employing a hybrid methodology that integrates comparative jurisprudence, systems engineering and
economic impact assessment, the study exposes critical compliance gaps in photometric standards, chemical composition disclo-
sure (REACH vs. TSCA) and certification markings. The analysis quantifies the compliance premium — excessive costs attributed
to redundant validation and logistical friction, demonstrating how current protocols foster oligopolistic market structures and
disrupt just-in-time supply chains. To resolve these inefficiencies, the article proposes a novel proposed framework. This model
advocates for a paradigm shift from geometric prescription to functional equivalence, predicated on three pillars: harmonized
cross-validation of testing facilities, blockchain-based digital product passports and conditional mutual recognition. Implemen-
tation of this mechanism is projected to reduce the landed cost of European components by 15-20%, eliminate bureaucratic

latency and accelerate the adoption of safety-critical innovations within the US domestic market ecosystem.
Key words: harmonization, transatlantic, automotive market, supply chain, certification, divergence.

ntroduction. In the contemporary architecture

of global trade, the automotive industry occupies
a unique position, acting simultaneously as a driver
of technological innovation and a hostage to archaic
regulatory barriers [1]. Despite its substantial capacity
and technological proximity, the transatlantic auto-
motive component market remains fragmented due to
profound regulatory contradictions. While engineers
strive for platform unification, the legal systems of the
United States and the European Union continue to
function within isolated realities. Divergences in safety
standards (FMVSS vs UNECE), environmental testing
protocols (EPA vs WLTP), and labeling requirements
create a paradoxical scenario wherein a technically
superior and safe European component may be ren-
dered legally illicit on the American market absent
costly modification [2].

The jurisprudential bifurcation between conformi-
ty assessment regimes in the United States and the

20

European Union represents one of the most persistent
challenges to the harmonization of international tech-
nical regulation [3]. The significance of this study is
anchored in the necessity to surmount the compliance
premium — excessive economic costs stemming from
procedural duplication and the absence of mutual recog-
nition [4]. Consequently, this article undertakes a com-
prehensive analysis of regulatory divergence to identify
critical non-conformance zones and assess their eco-
nomic impact on pricing and logistics. Also it conducts
a comparative analysis of the normative frameworks
of both jurisdictions to detect specific vulnerabilities
inherent in the importation of European components.

In response to these identified challenges, this ar-
ticle proposes a conceptual model designated as the
Transatlantic Compliance Protocol (TCP). This frame-
work is engineered to supersede obsolete geometric
prescriptions with a modern system based on the prin-
ciple of functional equivalence and the implementation
of digital verification tools.

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by /4.0/)
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Materials and methods. This study employs
a comprehensive qualitative research methodology,
integrating comparative jurisprudence, systems engi-
neering analysis and economic impact assessment to
examine the transatlantic automotive regulatory land-
scape. The primary evidentiary basis for this research
comprises the legislative and technical regulations
governing vehicle homologation procedures within the
United States and the European Union. The analysis
focuses on the National traffic and motor vehicle safety
act, the Code of federal regulations (specifically Title
49, Part 571 FMVSS), enforcement protocols of the
National highway traffic safety administration (NHT-
SA), as well as environmental mandates from the EPA
(Title 40 CFR) and California’s Proposition 65 [5; 6; 7;
8]. Also the study examines the framework of the UN-
ECE 1958 Agreement, specific UN Regulations (R112
for lighting systems, R43 for glazing), the EU Type
Approval framework regulation (EU) 2018/858 and
chemical safety standards under REACH [9; 10; 11].

A comparative review of SAE (Society of automotive
engineers) standards and ISO (International organi-
zation for standardization) norms was conducted to
identify specific engineering divergences. A dialectical
comparison was applied to contrast the philosophy of
ex-ante verification in the EU with the ex-post enforce-
ment regime in the US [12]. This phase utilized legal
hermeneutics to interpret how procedural differences
transmute into non-tariff trade barriers. Supply chain
management principles were applied to evaluate the
impact of regulatory friction on just-in-time logistics.
Qualitative economic analysis was utilized to decom-
pose the landed cost structure, isolating specific cost
multipliers associated with redundant certification
and risk mitigation. Specific automotive components,
namely lighting systems, glazing and hydraulic as-
semblies, were utilized as case studies to empirically
ground the theoretical analysis.

In the final phase, the Transatlantic Compliance
Protocol was designed using a systems engineering
approach. This model was synthesized by integrating
existing best practices in digital credentialing (block-
chain technology) with the legal principle of functional
equivalence, aiming to propose a theoretically viable
mechanism for regulatory harmonization.

Juxtaposition of US regulatory frameworks
and EU standardization protocols. Notwithstand-
ing the pervasive globalization of the automotive in-
dustry, regulatory divergence persists as a formidable
barrier between the United States and the European
Union. While the overarching teleological objectives in
both jurisdictions remain congruent, namely the assur-
ance of road safety and the minimization of environ-
mental impact, the jurisprudential pathways employed
to achieve them exhibit a fundamental bifurcation [13].
The foundational distinction between the American
and European systems lies less in technical granularity
than in the legal philosophy of conformity assessment.

Pursuant to the National traffic and motor vehicle
safety act, the United States operates under a self-cer-
tification regime. Under this framework, the manu-
facturer bears the sole burden of attesting that its
components comply with the Federal motor vehicle
safety standards (FMVSS), as codified in the Code
of federal regulations (CFR). Conversely, federal reg-
ulatory bodies, such as the National highway traffic
safety administration (NHTSA) and the Department of
transportation (DOT), generally refrain from conduct-
ing pre-market testing. Instead, oversight is exercised
through an ex-post enforcement mechanism, charac-
terized by sporadic compliance audits following market
entry and a rigorous liability framework encompassing
mandatory recall campaigns and litigation risks [14].

In stark contrast, the European model affords
significantly less autonomy to the manufacturer, re-
lying on a stricter control paradigm. The European
approach is predicated on ex-ante verification, tech-
nically termed as type approval (or homologation).
Prior to market launch, components must undergo
mandatory testing by accredited technical services
and subsequently obtain certification from a competent
authority — the KBA in Germany or the RDW in the
Netherlands [15].

These systemic disparities constitute a primary
impediment to the seamless transposition of European
logistical algorithms onto American soil. The integra-
tion of supply chains is impossible without a nuanced
understanding of these legal idiosyncrasies and sys-
temic bottlenecks. Specifically, the possession of a full
suite of European certifications (the E-mark) holds no
statutory validity within the US jurisdiction, thereby
necessitating a redundant cycle of internal validation
by the importer to mitigate legal liability [16]. Techni-
cal standardization reveals a deep schism. The Amer-
ican framework frequently codifies SAE (Society of
Automotive Engineers) standards directly into federal
law (49 CFR). Modifications to these standards entail
a labyrinthine rulemaking process, often resulting in
regulatory inertia [17].

Conversely, the European system is harmonized
with UNECE Regulations and ISO standards, facili-
tating a more agile adaptation to technological inno-
vations. Critical discrepancies are evident in require-
ments regarding lighting systems, glazing, rearview
mirrors and braking assemblies. For instance, Europe-
an aspherical mirrors or matrix lighting technologies
may fail to meet the rigid geometric prescriptions of
FMVSS, notwithstanding their empirical efficacy, thus
precluding direct importation and complicating supply
chain dynamics [18].

The most acute contradictions, however, arise with-
in the domain of environmental regulation concerning
powertrains and exhaust systems. Given the global im-
perative for carbon neutrality and green performance
metrics, environmental mandates have become inte-
gral to transatlantic logistical mechanisms. While both
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the Environmental Protection Agency (EPA) and the
California Air Resources Board (CARB) enforce strin-
gent thresholds for nitrogen oxides (NOx) and particu-
late matter, the core conflict resides in the test cycles.
American protocols (FTP-75) simulate specific driving
conditions that diverge significantly from European
WLTP or RDE (Real Driving Emissions) cycles [19].

Consequently, an emission control component op-
timized for European load profiles may exhibit devia-
tions when subjected to EPA methodology, rendering it
effectively illegal without profound technical modifica-
tion, even if its actual ecological footprint is minimal.

Detecting critical compliance gaps in the US
certification process for EU origin components.
The transition from a theoretical juxtaposition of
regulatory frameworks to the operational reality of
importation exposes a series of critical compliance
gaps, manifesting as specific technical or chemical
parameters where the direct application of commercial
off-the-shelf European components is rendered impos-
sible without substantial modification.

One of the most insidious, yet frequently underesti-
mated, risk zones concerns the regulation of chemical
composition. While the European Union operates un-
der the REACH regulation, which primarily focuses
on the direct prohibition or restriction of hazardous
substances, the United States framework relies heav-
ily on the Toxic substances control act (TSCA) and,
more critically for importers, California’s Proposition
65 [20]. Unlike the European “prohibition” model, the
American model often mandates “disclosure” and con-
sumer warning. Hence, a European plastic component
may be fully compliant within the EU. However, if
it contains micro-traces of a substance listed under

Proposition 65 without the requisite warning label,
the entity is exposed to significant litigation risks. This
enforcement is frequently driven by private enforce-
ment litigants, colloquially known as bounty hunters,
creating a regulatory paradox wherein a technically
safe component becomes statutorily toxic solely due
to the absence of a warning sticker [21].

Additionally, photometric incompatibility constitutes
a formidable engineering barrier due to fundamental
divergences in beam pattern geometry. SAE J standards
in the US and ECE R regulations in Europe stipulate
distinct requirements for light distribution: the Eu-
ropean low-beam standard mandates a sharp cut-off
gradient to prevent glare, whereas US standards specifi-
cally require a certain degree of upward light leakage to
illuminate overhead gantry signs [22]. As a result, a Eu-
ropean headlamp with focus characteristics that are
considered ideal under ECE protocols may be deemed
non-compliant under FMVSS 108 due to insufficient
illumination of the upper sector, rendering the direct
import of optical units impossible without a compre-
hensive re-engineering of the reflector or lens optics.

Beyond functional performance, the third tier of
vulnerability pertains to safety-critical components
where the lack of mutual recognition regarding certi-
fication markings creates absolute barriers to market
entry. The European E-mark on automotive glass holds
no validity in the US. Instead, glazing must bear the
DOT certification and an AS (American standard) code,
attesting to successful penetration and light transmis-
sibility tests which differ methodologically from Euro-
pean norms [23]. Similarly, hydraulic assemblies such
as brake hoses must feature an indelible DOT mark-
ing and a manufacturer identification code registered
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directly with NHTSA. The absence of this specific
code, regardless of the component’s intrinsic quality
or performance, serves as grounds for the immediate
confiscation of the shipment, thereby confirming that
technical excellence is insufficient without precise ad-
herence to US statutory labeling requirements.

The economic and logistical implications
of regulatory divergence on import dynamics,
pricing strategies and lead time. The technical
incompatibility of standards delineated in the preced-
ing sections inevitably transmutes into quantifiable
economic inefficiencies, fundamentally distorting the
structure of transatlantic automotive trade. Regulato-
ry divergence operates as a pervasive non-tariff bar-
rier, creating a cost multiplier effect at every node of
the supply chain [24].

The primary economic impact strikes the structure
of the landed cost. The importer is compelled to factor
in also the amortization of re-certification overhead,
which serves as an absolute prerequisite for market ac-
cess. The process of conducting redundant trials in US
laboratories to corroborate compliance with FMVSS
standards — even when identical European protocols
exist, necessitates significant capital investment and
temporal resources. These fixed costs are particularly
deleterious for small and medium-sized consignments,
effectively foreclosing the American market to niche
European manufacturers unable to leverage economies
of scale to dilute these expenses. Therefore, an oligopo-
listic market structure emerges, dominated exclusively
by large multinational corporations capable of financ-
ing dual production standards. Meanwhile, small, me-
dium or nascent enterprises remain marginalized in

the shadows, although their quality and potential fully
warrant entry into the transatlantic logistics and sales
ecosystem.

The logistical dimension of this issue manifests in
the destabilization of supply chains and the elongation
of lead times. The absence of harmonized digital doc-
umentation precipitates substantial customs friction.
Any discrepancy in labeling or manufacturer identifi-
cation codes detected by NHTSA inspectors at the port
of entry initiates cargo detention protocols that may
persist for weeks. Under the contemporary just-in-time
paradigm, such unpredictability compels American
distributors to abandon efficient logistics in favor of
accumulating excessive safety stock [25]. This defen-
sive strategy immobilizes working capital in inventory
and escalates warehousing costs, standing in direct
contradiction to the principles of lean manufacturing.

Ultimately, this regulatory burden is transferred to
the consumer via the pricing mechanism. The retail
price of a European component in the US incorporates
a “compliance premium” — a surcharge covering legal
liabilities and localization costs. Moreover, the uncer-
tainty regarding delivery timelines forces suppliers
to embed additional risk margins, eroding the price
competitiveness of high-quality European parts vis-a-
vis cheaper, lower-quality alternatives from jurisdic-
tions with more flexible or less monitored standards.
Thus, the regulatory gap not only decelerates trade
turnover, but also artificially drives inflation within
the automotive component sector, diminishing overall
market efficiency.

Development of a novel framework for regulatory

harmonization.
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Table 1

Structural decomposition of regulatory cost multipliers in transatlantic trade

Economic variable

Mechanism of inefficiency

Impact on supply chain + pricing

Certification overhead

market entry

Mandatory reiteration of identical
technical tests (FMVSS vs. ECE) for

Increases CAPEX requirements. Creates prohibitive
entry barriers for SME, fostering an oligopolistic mar-
ket structure

Inventory management

risks (NHTSA holds)

Disruption of just-in-time flows due
to unpredictable customs detention

Forces accumulation of excessive safety stock, immo-
bilizing working capital and increasing warehousing
OPEX

Liability mitigation

gation (Prop 65)

Necessity to insure against strict US
liability laws and bounty hunter liti-

Adds a significant risk premium to the wholesale price.
Necessitates expensive legal counsel retention

Time-to-market Delays

ital documentation

caused by bureaucratic
rulemaking and non-harmonized dig-

Erodes competitive advantage of new technologies and
also increases the likelihood of obsolescence before re-
tail sale

To surmount the established barriers and miti-
gate the consequent economic hemorrhage, a paradigm
shift away from archaic, siloed regulatory methodol-
ogies is critically required. This section posits a pro-
posed framework designated as the Transatlantic Com-
pliance Protocol. The proposed architecture does not
necessitate total legislative unification, a politically
unfeasible objective, but rather establishes a mech-
anism of functional equivalence. The model is pred-
icated on three integrated components: harmonized
technical pre-attestation, digital ledger credentialing
and conditional mutual recognition.

The first stratum involves the implementation of
a harmonized pre-attestation mechanism through
the cross-validation of testing facilities. Laboratories

already accredited within the EU to conduct testing
under UNECE standards should be granted “Trust-
ed technical service” status by the NHTSA. This
designation would facilitate the in-situ execution of
US-mandated protocols (FMVSS 108 for optical sys-
tems) directly within European territories, obviating
the need for the physical export of test samples to the
United States. As a consequence, test results ratified
by an accredited EU laboratory would be recognized
by US regulators as legally binding substantiation for
self-certification, thereby eliminating the redundancy
of duplicative validation by the importer.
Concomitantly, the second tier addresses logistical
friction through digital ledger certification. To resolve
supply chain bottlenecks, the framework advocates

Open Transatlantic Market
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l

i o s |
] (]

[ =
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Fig. 3. Schematic representation of the proposed structure of the Transatlantic compliance protocol (TCP)
Source: generative artificial intelligence and prompt were used to create the image
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for the abandonment of physical etching and paper-
based documentation in favor of a digital product
passport. Under this regime, every component batch
is tagged with a unique QR code or RFID identifier
linked to a secure, immutable blockchain ledger. Upon
scanning, a customs officer or DOT inspector gains
immediate access to verified test protocols, material
declarations (spanning REACH and Proposition 65),
and chain-of-custody data. This digitalization ensures
absolute supply chain transparency and drastically
reduces customs clearance latency from weeks to mere
minutes, effectively eradicating the human factor risk,
associated with manual label verification.

The third component is the agreement on mutual
recognition of functional equivalence. This represents
a fundamental transition from geometric prescrip-
tive compliance to functional performance recognition.
Rather than demanding identical design specifications,
regulators must acknowledge the equivalence of safety
outcomes. Specifically, if a European matrix headlight
demonstrates road illumination and glare prevention
capabilities that exceed the minimum safety thresh-
olds of FMVSS, it must be deemed admissible to the
US market via the MRA mechanism, even if it formally
deviates from the obsolete geometric prescriptions of
the 1970s.

This holistic architecture is engineered to resolve
the multipolar crisis — encompassing economic, eco-
logical, logistical and jurisprudential dimensions, ulti-
mately unlocking the market for innovation and reduc-
ing the landed cost of technology for the end consumer.

Projected impact on the US domestic mar-
ket ecosystem. The implementation of the proposed
protocol framework precipitates a profound structur-
al reconfiguration of the US automotive component
market, extending far beyond the mere simplification
of import procedures. The primary and most tangible
effect is the exertion of deflationary pressure on retail
pricing. The elimination of redundant certification
expenditures and the mitigation of logistical risks are
projected to reduce the landed cost of European prod-
ucts by approximately 15-20%.

The projected 15-20% cost reduction represents
a cumulative estimate derived from three distinct
economic vectors. The primary component involves
the elimination of redundant certification overhead
(83-5%), which encompasses the substantial expenses
related to the transatlantic shipment of test samples,
US-based laboratory fees and destructive testing pro-
tocols — fixed costs that disproportionately erode profit
margins for small and medium-sized consignments.
Additionally, logistical optimization contributes an
additional 5-7% saving. Currently, the unpredictabil-
ity of customs clearance compels distributors to main-
tain a safety stock covering two to three months of
demand and halving this requirement through regula-
tory predictability significantly reduces carrying costs,
which typically average 20-25% annually relative to

the goods’ value. Finally, the alleviation of the risk
premium offers a potential reduction of 5-8%, as the
implementation of the TCP mitigates the need for im-
porters to hedge against recalls and liability litigation,
allowing competitive pressure to erode this surcharge
and yielding an aggregate conservative lower bound
estimate of 15%.

This reduction will effectively dismantle the ar-
tificial compliance premium, rendering high-quality
European original equipment manufacturer compo-
nents price-competitive against budget-tier alter-
natives from the Asian region. The second vector of
impact pertains to the democratization of technology
and the erosion of oligopolistic barriers. Lowering the
market entry threshold will grant access to European
small and medium-sized enterprises specializing in
niche, high-technology solutions — entities previously
precluded from the market by the prohibitive capital
requirements of FMVSS certification. This will result
in a substantial diversification of supply: the American
consumer will gain direct access to advanced active
safety systems and environmentally sustainable tech-
nologies that were historically obstructed by regulatory
gateways.

Finally, harmonization will engender enhanced
supply chain resilience. The transition to digital cre-
dentialing and mutual recognition will eliminate the
variable of delivery unpredictability, enabling Amer-
ican distributors and service centers to revert to effi-
cient inventory management models. In the long term,
the integration of standards will serve as a catalyst for
the renewal of the national vehicle fleet, accelerating
the transition toward carbon neutrality and elevating
overall road safety standards through the adoption of
proven global innovations without bureaucratic latency.

Conclusion. The comprehensive analysis under-
taken herein underscores that the regulatory diver-
gence between the US and EU automotive sectors
constitutes an archaic constraint impeding techno-
logical advancement and economic efficiency, rooted
in the dichotomy of ex-ante verification versus ex-post
enforcement. As demonstrated, this bifurcation engen-
ders barriers manifesting as chemical, photometric
and administrative compliance gaps, which artificially
inflate the landed cost of European components and
stifle supply chain agility. The research has quantified
the substantial compliance premium driven by the
absence of mutual recognition, revealing how current
certification protocols function as unintentional drivers
of inflation and mechanisms of market exclusion for
innovative SME.

The proposed Transatlantic Compliance Protocol
demonstrates that contemporary technological instru-
ments, specifically digital product passports and cross-
validated pre-attestation are capable of resolving this
systemic inefficiency. Consequently, the harmonization
of standards is identified herein as a fundamental
catalyst for restoring market equilibrium, reducing
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consumer expenditures and ensuring the unimpeded
flow of vital automotive innovations across the At-
lantic. By leveraging distributed ledger technologies
to ensure transparency and shifting the regulatory
paradigm toward functional equivalence, it becomes
feasible to harmonize standards without compromising
safety or environmental objectives. The implemen-
tation of such a framework constitutes a strategic

imperative for fostering a sustainable, innovative and
cost-effective transatlantic market. Ultimately, the
trajectory of the transatlantic aftermarket depends on
the willingness of regulators to embrace the principle
of functional equivalence. This measure will also accel-
erate the adoption of critical safety systems and envi-
ronmentally sustainable technologies, thereby accruing
benefit to the ultimate stakeholder — the consumer.
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THE IMPACT OF DANCE MOVEMENT
ON PSYCHOLOGICAL RESILIENCE
FORMATION AND STRESS REDUCTION

NMCUXONOTIYHI HAYKU

Summary. Dance movement is a recognized, scientifically based, and non-pharmacological intervention for stress reduction
and psychological resilience development. The paper describes the neurophysiological and psycho-emotional pathways through
which movement-based practices have an important role in self-regulation, emotional processing as well as adaptive functioning.
Relying on recent studies on embodiment, interoception, emotion regulation and somatic therapies, this paper suggests that
dance movement promotes the activation and integration of mind-body networks that increase resilience capacity. One import-
ant contribution of this study is the introduction of the Heart Crystal Method, an integrative, author-developed framework for
somatic regulation, emotional release, embodiment practices, and change at the identity level. This method casts dance move-
ment as a structured intervention that can impact intraindividual- and interindividual-level psychological factors. The results
indicated that chronic participation in dance-based practices is associated with significant improvement in stress indicators,
emotional regulation, and interoceptive awareness. Additionally, the inclusion of movement in a coaching framework facilitates
sustainability of results. Discussion frames these findings in context while suggesting a conceptual expansion of resilience as an
embodied, dynamic process. Through the combination of theoretical synthesis and actionable framework on sustained lifestyle
changes, the article advances the concepts of health psychology, somatic therapy and wellness coaching.

Key words: dance movement, psychological resilience, stress reduction, embodiment, interoception, emotion regulation,
somatic practices, dance movement therapy, health coaching, embodied mindfulness, nervous system regulation, identity trans-

formation, Heart Crystal Method, non-pharmacological interventions, mental well-being.

ntroduction. Addressing the issues of stress-related

disorders, psychological resilience and more are
major requirements in current society, which requires
efforts for interventions that are effective, universally
available and non-invasive. Conventional methods of
coping with stress have typically targeted cognition or
pharmacology, but new research highlights the role of
embodied strategies in emotion regulation and mental
well-being [7; 20].

Dance movement now is considered a multidi-
mensional intervention which encompasses three di-
mensions; physical, emotional and cognitive, and is
increasingly recognised within the paradigm shift.
Dance movement serves as an embodied activity that
activates neurophysiological systems involved in stress
response and self-regulation. Through coordinated
movement, rhythm, and expressive action, individuals

34

engage processes associated with interoception, pro-
prioception, and affective processing [6; 2]. These
processes contribute to the modulation of autonomic
nervous system activity, facilitating a shift from stress-
dominant states toward adaptive regulation.

The efficacy of dance movement interventions for
psychological well-being is supported on the evidence
base. Meta-analyses have shown decreases in depres-
sive and anxiety symptoms, as well as improvements in
overall mental health and emotional functioning [8; 9].
Furthermore, using movement practices has also been
demonstrated to affect mood, cognitive performance,
as well as identity-related processes through embodied
involvement [2; 17].

Although movement-based interventions are
becoming increasingly recognised, current work of-
ten approaches these interventions as standalone

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by /4.0/)
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therapeutic tools rather than as elements of integrat-
ed systems of transformation. So little is known about
how dance movement can be applied methodically to
create lasting behavioral and psychological change.

In this article, the Heart Crystal Method, a unique
integrative framework developed by the author, is pro-
posed in light of this gap. By considering dance move-
ment not only as a therapeutic technique but also as
a structured mechanism for facilitating long-term trans-
formation, the method includes stages such as regu-
lation; emotional release; embodiment; and identity
reconstruction.

The purpose of this study is to establish the effects
of dance movement on stress reduction and resilience
development, while also placing it within a broader
integrative coaching perspective. Through a compos-
ite analysis of past research, and an original design-
driven contribution, the article contributes to both
theory and application of movement-based interven-
tions in psychological health.

Literature Review
1. Embodiment and Interoception in
Psychological Regulation

Embodiment theory proposes that cognitive and
emotional processes are intimately tied to bodily ex-
perience. Research finds that posture, movement, and
physical involvement significantly influence mood and
cognitive functioning [2]. Interoception — the percep-
tion of internal bodily states — holds significance in
emotional awareness and regulation, linking physio-
logical signals with subjective experience [6; 13].

Mindfulness-based somatic frameworks also under-
score the value of body awareness in reducing stress
and enhancing resilience. This training teaches how
to pay more attention to bodily sensations, helping one
self-regulate emotional responses [25; 26]

2. Dance Movement as a Therapeutic
Intervention

Dance movement therapy (DMT) has been exten-
sively studied as a psychosocial intervention. Me-
ta-analyses indicate its effectiveness at decreasing
symptoms of depression, anxiety, and psychological
distress [8; 9]. The therapeutic effects are attributed
to the integration of movement, emotional expression,
and social interaction.

Neurocognitive perspectives highlight that dance
engages multiple brain systems, including those re-
sponsible for motor control, emotional processing, and
social cognition [14]. This multimodal activation sup-
ports the development of adaptive coping mechanisms
and resilience.

3. Emotion Regulation Mechanisms

Emotion regulation is one of the most important
aspects of resilience. Adaptive regulation relates to
the ability to manage the emotional response with
cognitive and behavioral strategies [7]. Movement
practices are part of this process as well, as they act

as non-verbal channels for emotional expression and
release.

Research of contemplative movement programs
identified an increase in emotional regulation by
greater awareness of the body and less reactivity [10;
22]]. These results are consistent with the work of
trauma-informed practice based on somatic processing
as a process of healing [15; 18].

4. Somatic Therapies and Trauma Processing

Somatic therapies concentrate on the body as the
primary site of psychological experience. Trauma is
embodied and stored in the body based patterns but
is also accessible and modified through movement and
sensory stimulation [5; 16]. Interventions using both
interoception and proprioception have been found to
strengthen resilience and lessen distress-related symp-
toms [12]. These strategies foster internal safety and
self-regulation capacities.

5. Movement, Music, and Emotional
Expression

Movement and music share structural features that
are conducive to emotional expression and communi-
cation [21; 24]]. Dance is the perfect way to make use
of those features and becomes an expressive medium
and means to achieve and change emotional states.
Research in the context of music and movement in-
dicates that synchronous movement encourages emo-
tional connection, motivation and the engagement of
participation [23]. These elements are why dance is so
helpful in promoting resilience.

6. Motivation and Behavioral Change

For behavioral change to last, it needs to come from
within and be in line with who you are. Self-determi-
nation theory stresses the importance of autonomy,
competence, and relatedness in boosting motivation
[19]. Dance movement fulfills these needs by offering
a self-directed, expressive, and socially interactive ac-
tivity. Identity-based motivation theory posits that
individuals are predisposed to engage in behaviors
congruent with their self-concept [17]. Movement-
based practices can promote identity transformation
by facilitating embodied experiences of novel behav-
ioral patterns.

7. Health Coaching and Integrated Approaches

Health coaching has been proved to result in
long-lasting improvements in lifestyle behaviours and
well-being [1; 11]. The incorporation of movement-
based methods within coaching programs increases
their impact on both cognitive and somatic aspects.
Exploratory research suggests that interventions in
which body-based practices are provided as a part of
coaching practice are more likely to trigger deeper and
long-lasting shifts [3]. This also underlies the need for
integrative models integrating multiple modalities.

8. Research Gap

Although a body of literature has shown that dance
movement and somatic practice work well, there is
little that offers an integrative framework, either in
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terms of principles or in the way of organization, that
can be implemented across multiple disciplines for
long-term transformation. Studies currently available
address short-term results only, without considering
sustainability or identity-level change (See Fig. 1).
This gap highlights the need for integrative methodol-
ogies that combine embodiment, emotional processing,
and behavioral change mechanisms within a struc-
tured framework.

Methodology. This study takes a conceptual-
analytical approach integrating extant empirical
studies with the author-created framework, the Heart
Crystal Method. It builds a framework between litera-
ture synthesis and theoretical framework construction
to explore the impact of dance movement on stress
reduction and mental resilience. The Heart Crystal

Method is an iterative transformational process con-
sisting of four major steps:

Nervous System Regulation — establishing safe-
ty of body through somatic awareness, grounding
skills.

Emotional Release — to help move away from
a sense of emotion of stored emotions: letting go of
the heart and to process stored emotions through
movement.

Embodiment Integration — integration of the brain
and body organs and minds — the practice of intero-
ceptive stimulation and inter-awareness.

Identity Reconstruction — reinforcing new habits
of behaviour and emotions as it is enacted through
physical behavior through repetition of embodied ex-
perience.

Table 1

Summary of Literature on Dance Movement and Psychological Outcomes

Study Intervention Type

Key Mechanism Outcome

Karkou et al. (2019) Dance Movement Therapy

Emotional expression Reduced depression symptoms

Koch et al. (2019) Dance & Movement

Mind-body integration | Improved psychological health

Millman et al. (2021) Neurocognitive DMT

Brain-body interaction | Enhanced emotional processing

Lee et al. (2021) Contemplative Movement

Regulation practices Improved emotion regulation

Spaccapanico Proietti et al. Mindful movement

(2024)

Interoception Reduced stress

Zafeiroudi et al. (2025) Dance-based interventions

Embodied awareness Improved well-being

Awad et al. (2021) Posture & embodiment

Cognitive-emotional link Improved mood

Gibson (2019) Interoception Body awareness Emotional regulation
Todd & Aspell (2022) Mindfulness + body Sensory awareness Stress reduction
Weber (2022) Somatic mindfulness Embodiment Psychological resilience
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At the same time, dance movement is presented as
the key tool in different stages, which activates neuro-
physiological processes related to self-regulation and re-
silience. The models integrate aspects of embodiment,
emotion processing, and identity-based motivation to
make sense of the mechanisms that mediate perfor-
mance. We are also mindful of the effects of intrain-
dividual and interindividual dynamics which concur
with contemporary models of psychology that call for
a combination of both levels of analysis (See Fig. 2) [4].

Data interpretation is undertaken via cross-study
contrast of outcomes attributed to movement-based
interventions, focusing specifically on stress reduction,
emotional regulation, and resilience measures (See Ta-
ble 2). The approach also draws on principles of health
coaching, to evaluate the feasibility of the results.

Findings. The analysis suggests that dance
movement has a bearing on both physiological and
psychological aspects of stress and resilience. Con-
sistently across studies, evidence also appears that
stress-related symptoms are reduced, as well as im-
provements in emotional regulation.

First of all dance movement facilitates autonom-
ic nervous system regulation allowing for a state of

equanimity when you are in the midst of stress. Move-
ment practices focus on body awareness and intero-
ception, essential skills for identifying and directing
stress responses [6; 25].

Dance is also an effective medium to process and re-
lease emotions. People who participated in movement-
oriented interventions stated that they are more emo-
tionally transparent and suppressed less emotional
states — thus promoting greater psychological well-be-
ing [9; 10].

The evidence also suggests that embodied practic-
es contribute to resilience formation via adaptation
and coping. Movement-based interventions increase
flexibility of emotional reactions and assist the devel-
opment of internal resources [22; 27].

Fourthly, a coaching-integrated framework signifi-
cantly enhances the sustainability of the outcome. Ev-
idence from health coaching shows that a combination
of behaviourally based coaching and somatic interven-
tions yields long-lasting well-being gains [1; 3].

Finally, the Heart Crystal Method approach sug-
gests that integrating movement into transformation
phases, as outlined, will have the desired impact.
The staged method guarantees that physiological

Table 2

Heart Crystal Method: Phases, Mechanisms, and Outcomes

Phase Core Focus

Mechanism Expected Outcome

Nervous System Regulation | Safety & stabilization

Somatic grounding, breathwork

Reduced physiological stress

Emotional Release Expression of stored

emotions

Movement-based release

Emotional unloading

Embodiment Integration Body awareness

Interoception, proprioception

Improved self-regulation

Behavioral transforma-
tion

Identity Reconstruction

Repetition & embodiment

sustained change
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Table 3
Observed Effects of Dance Movement on Stress and Resilience
Dimension Mechanism Activated Observed Effect
Physiological Autonomic regulation Reduced stress response
Emotional Expression & release Lower emotional suppression
Cognitive Attention & awareness Improved clarity
Behavioral Movement repetition Adaptive coping patterns
Identity Embodied experience Strengthened resilience

regulation comes before emotional processing, and that
stabilizes identity-level change (See Table 3).

Discussion. The findings of this study support
the view that dance movement is a multidimensional
intervention that activates neurophysiological, emo-
tional, and cognitive systems simultaneously. And it’s
well-trod: previous research has been showing the in-
terrelatedness of mind and body during psychological
regulation [14; 20]. That the current analysis reinforces
this understanding in the exploration of dance move-
ment allows me to situate the movement within this
structured integrative framework better able, within
its scope, to enhance effectiveness and sustainability.

This paper addresses an important issue by intro-
ducing the notion of resilience as an embodied process
as opposed to a cognitive or behavioural concept solely.
Conventional perspectives of resilience tend to prior-
itize psychological factors or coping strategies to the
detriment of physiological regulation. We propose here
that resilience is an interplay between bodily phenom-
ena and emotional experiences based on movement
and interoceptive perception [12; 18].

The Heart Crystal Method offers a structured
framework for putting this idea into practice. The ar-
rangement of transformation through its stages allows

the process to ensure that some basic physiological
regulation is accomplished before moving into deeper
emotional processing. This is a big limitation in many
therapeutic methods where processing emotion early
can result in dysregulation, not healing.

In addition, the inclusion of dance movement in
each of the stages improves accessibility and effec-
tiveness of the intervention by the inclusion of dance
movement in each step. Movement is an accepted lan-
guage that transcends resistance that can get past
the cognitive resistance and enable the treatment of
feelings into engagement with emotional states. This
is especially applicable in trauma-informed environ-
ments, where verbal processing could be poor or even
counterproductive [15; 16].

The importance of interoception is especially im-
portant in this process. Awareness of physiological
sensations allows to sense the early signs of psycho-
logical distress for the adaptive response to overcome
it. Such evidence is in keeping with previous literature
showing the critical role of interoceptive awareness in
the modulation of emotion and mental health [6; 13].

Another key idea is the relationship between
movement and identity change. Sustained behavior-
al change is supported by identity-based motivation
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theory [17], which holds that a person needs to be
congruent between their self and their behavior [17].
Dance helps bridge the gap by engaging a new pattern
of movement through experiential situations, allowing
movement to become a new avatar for behaviour as
well as for emotion. These embodied experiences over
time help to create an identity marked by resilience
and self-regulation.

The incorporation of principles related to health
coaching increases the practicalization of the process.
Coaching provides structure, accountability and goals
to help the move in meaningful ways by transferring
movement-based experiences into lasting behaviour
change [1; 11]. This combination counteracts the more
common tendency to sustain intervention effects be-
yond initial engagement.

However, the study is also concerned with limita-
tions of the existing literature. Most of the studies
available in this area are short-term interventions
with no longitudinal analysis of sustainability. Fur-
thermore there’s a need for more consistent tools of
measurement for evaluating movement-based prac-
tices’ effect on resilience.

Further studies should address the long-term ef-
fects of integrative frameworks such as Heart Crystal
Method and how well they apply in all population seg-
ments. These research questions could be answered
better by quantitatively measuring physiological and

psychological measurements to further establish the
evidence of this type of effect beyond treatment.

Conclusions. This article shows that dance move-
ment is a rational and evidence-based, non-chemical
alternative for the reduction of stress and an enhance-
ment of psychological resilience. Movement-based
practices promote self-regulation, emotional processing
and adaptive functioning, by activating neurophysio-
logical and psycho-emotional processes.

A new integrative framework with the Heart Crys-
tal Method serves to systematically systematize dance
movement use in the phases of transformation. The tech-
nique integrates somatic regulation, emotional release,
embodiment, and identity reconstruction to cater to both
immediate and long-term psychological well-being.

The results underscore the significance of embodied
modalities in mental health interventions, and the ne-
cessity for holistic models linking cognitive, emotional,
and physiological domains of intervention. In addition,
the infusion of movement into coaching frameworks
promotes durability of results, rendering it very per-
tinent in terms of lifestyle change.

This study, moreover, extends the development of
health psychology and somatic therapy by providing
theoretical information and practical application.
Dance represents a therapeutic modality, an avenue
for resilience, a basic mechanism that may be used to
build resilience on in the current day

JOTJATKOBA IHOOPMAIIIA
DOIHAHCYBAHHS: ABTopu He 0TpUMYBaJIU (DiHAHCYBAHHA [JIA IIbOTO JOCITiKEHHS.
3ASABA ITPO JOCTYIIHICTB JAHMX: He 3acTocOByeTHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTH ITPO BifCYTHICTh KOHQJIIKTY iHTEpeCiB.
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MODELING OF HEAT TRANSFER
PROCESSES DURING THE FORMATION
OF PROTECTIVE COATINGS

Summary. This paper presents the fundamental principles of mathematical modeling of heat transfer during coating for-
mation using thermal spraying. The main attention is paid to the thermal state of layered heterogeneous systems ‘coating as

a whole — base”.

Key words: layered heterogeneous systems, thermal spraying, “multilayer coating-sublayer-base”, mathematical modeling,

high-temperature zone, heat transfer

ntroduction. Problems of creating new and improving
existing thermal spraying technologies necessitate an
in-depth study of the thermal phenomena observed during
the implementation of these technological processes [1-9].
This paper focuses on mathematical modeling of the
thermal phenomena under study, since in this physical
situation, where the specific nature of the processes under
study encompasses both the localization of the high-tem-
perature zone and high velocitys of temperature change,
the relatively small sizes of the melt particles and the
coating as a whole make it very difficult to obtain the
required information using only full-scale experiments.
This paper examines thermal processes in layered,
heterogeneous coating-substrate systems. Particular
attention is paid to the thermal phenomena observed
during the formation of the coating as a whole during
high-velocity machining. Some average temperatures
in the coating-substrate system are considered; el-
ementary interactions between individual particles
and the solid surface are not considered in the math-
ematical modeling.

The main publications related to the study of the
thermal state of the “coating as a whole — base” sys-
tem, depending on the conditions adopted in modeling
for the coating itself, can be divided into the following
three cases. The first was characterized by a mono-
tonic increase in the coating thickness § over time,
the second by a discrete growth of §, and the third
by the assumption that the thermal resistance of the
coating itself can be neglected. In the first case, the
mathematical model of the heat conduction process
is formulated in the approximation of L. S. Leibenson
[4]. Accordingly, the spraying process is assumed to be
quasi-stationary, the average mass flux density from
the sprayer is considered constant over the surface
of the base and the coating thickness will increase
at a constant velocity V, the temperature profile in
the coating is assumed to be linear and, accordingly,
the heat flux supplied to the coating is assumed to
be entirely spent on heating the base. Mathematical
models with the specified assumptions are one-di-
mensional.

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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In the second case, a three-dimensional non-sta-
tionary heat conduction problem is formulated for
a multilayer plate. The following assumptions are fun-
damental. The heat supply source is assumed to move
at a constant velocity V, corresponding to the motion
of the plasma torch. It is assumed that in the heating
spot itself, the heat flux density distribution obeys the
Gaussian law. The increase in coating thickness after
one plasma torch pass is not taken into account. The
problem is formulated in a linear formulation, and
all bounding surfaces of the multilayer system are
assumed to be adiabatic, excluding the heat supply
surface. In the third case, the thermal resistance of
the coating was not taken into account in the mathe-
matical modeling, because it is comparatively small.

The mathematical models for each of these three
cases have shortcomings. In the first case, they are
one-dimensional, significantly limiting the ability to
describe the actual physical situation of spraying. Mod-
els for the second case are more general. In the third
case, the model is a special case, since the thermal
resistance of the sprayed layer is not taken into ac-
count. Therefore, the development of research based
on mathematical models describing the second case is
most important.

Based on the analysis of the models presented in the
review for various cases, it can be concluded that partic-
ular attention should be paid to the development of re-
search on an approach to analyzing the thermal state of
layered, heterogeneous “coating as a whole — substrate”
systems. The primary focus is on studying the most
important principles of the heat transfer process under
consideration, as applied to the spraying conditions of
two classes of thermal spray coatings: metal-polymer
coatings and composite coatings containing graphite.

In both situations, the quasi-stationary heat trans-
fer process during the formation of multilayer coat-
ings is investigated. A layered, heterogeneous system
is present, consisting of a base 1 with a pre-applied
sublayer 2 and a sprayed multilayer coating 3 (Fig. 1).
The heat source moves along the upper surface of the
system under study along the z-axis in the positive di-
rection at a constant velocity V in accordance with the

Oxet
<

Fig. 1. To the formulation of the heat transfer problem for
a layered inhomogeneous system: 1 — base; 2 — sublayer;

3 — multilayer coating

movement of the gas torch or plasma torch. Regarding
the coating itself, the mathematical modeling assumes
that the coating thickness increases with the applica-
tion of each subsequent coating layer. Heat exchange
between all bounding surfaces (except for the XOZ
surface) and the surrounding medium occurs according
to Newton’s law, which is a boundary condition of the
third kind. The heat transfer coefficients and the am-
bient temperature are assumed to be constant. Since
the system under study has thermal and geometric
symmetry with respect to the YOZ plane, only half of
it is considered in the mathematical modeling.

The mathematical formulation of a nonlinear quasi-
stationary three-dimensional heat transfer problem for
a layered-heterogeneous system “multilayer coating-
sublayer-base” in a moving coordinate system, which
is associated with an energy source, looks like this:
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P=V.r/a;

Bi =a_r/i; Biy1= a, ro/dy; Bi=a, -1/

Bi =a,- ro/;to;x=xp/r0;y =yp/7”0;2 =Zp/r0§

51= 5p1/r0; 62= 5p2/r0; 63 = 6p3/r0; 6N+2= 6pN+2/r0;

A= A4/4; Cy=c,/c;a,=4,/c,;

n is the number of the sprayed coating layer;

N is the total number of sprayed coating layers;

6p1 is the base thickness;

8 ,is the total thickness of the base and the pre-ap-
plied sublayer;

8p3 is the total thickness of the base, the pre-applied
sublayer and one coating layer;

8 .., s the total thickness of the base, sublayer and
N coating layers;

q,.., 1s the maximum value of the heat transfer di-
agram,;

t, is the ambient temperature;

a, is the thermal diffusivity coefficient, a_, @, @ ,,
a_, are the heat transfer coefficients on the correspond-
ing surfaces;

r, is the heat spot radius;

Lo and c, are fixed values of the thermal conduc-
tivity coefficient and specific heat capacity of the base
material, respectively;

indices 1, 2 and 3 at the values of A and C,, relate
the latter to the base, sublayer and coating, respec-
tively.

To solve the problem, the integral method of com-
plete polyargument systems was used [5; 6].

Composite clad powders containing solid lubricants
are increasingly used to produce antifriction coatings
using various thermal spraying methods. Compos-
ites with graphite as the primary particle, or core,
are widely used in spraying. This graphite particle
is coated with a metal shell, which protects the core
from the harmful chemical effects of the environment.
Heating the shell to the melting point ensures the
core is welded to the base surface. Coatings made
from composite powders of this composition are used
in friction units operating without lubrication and
under boundary friction conditions. Such coatings are
used as bearing surfaces for plain bearings, in gas
turbine engines for abradable stator coatings, in vane
compressors, in ring pump seals, and in specialized
military equipment. Therefore, the development and
improvement of coating technology necessitates fur-
ther research into the thermal phenomena observed in
these situations. Of considerable interest are the data
from mathematical modeling of heat transfer processes
during the formation of coatings from clad composite
powders containing graphite. These data represent
the results of numerical studies examining the key
factors influencing the thermal state of the objects
under consideration, including spraying distance, the
power of the supplied two-phase flow, the plasma torch
rate, the cooling conditions of the free surfaces of the
system, the preliminary application of sublayers, and
other factors.

The main results of the analysis of the peculiarities
of changes in the thermal state of the studied layered
inhomogeneous system “coating-sublayer-base”. The
obtained data of the performed computational experi-
ments correspond to the following values of the initial
parameters of the system:

x,=2.56; 6, = 0.34;

sublayer thickness A, = 0.0085 (A= §,-96));

thickness of a single coating layer A, = 0.00425
(Ay=8,-8,);

Pe =129.6; Bi,, = Bi ;= Bi_ = Bi, = 5.96-107;

from here on, steel 20 was considered as the base
material, sublayer — Ni, coating — clad powder (graph-
ite) — (Cu) with a volume content of components of
30% and 70%, respectively.

To better understand the influence of a pre-applied
Ni layer and subsequent layers of composite powder
on heat transfer, it is advisable to compare the ob-
tained data with the results obtained for a separate
steel substrate. The conducted studies have shown
that the temperature fields in comparable objects are
qualitatively similar, but can differ significantly quan-
titatively.

2 7 \AB,,';‘

1 z

Fig. 2 Dependence A0* = f(z) —for x = 0, y =0 for systems:
1 — “steel base — Ni sublayer”; 2-7 — “coating-sublayer-
base” with the number of coating layers of 1, 2, 4, 8,9
and 60, respectively; 8 — separate base made of composite
material (Cu)- (graphite)

The differences in the compared temperature fields
show that the temperature levels of the coated part in
the high-temperature zone are lower than the corre-
sponding levels of a separate steel base, and the quanti-
tative difference in the compared temperatures signifi-
cantly depends on the number of coating layers N. The
patterns of change in the value of AQ* (A0* = A0 /0

¢ max’
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AB =0,-0_, 0, is the dimensionless temperature of
a separate steel base, 0 , is the temperature of the
coating-sublayer-base system, 6__ is the maximum
temperature of a separate steel base) are shown in
Fig. 2. In the high-temperature zone, the effect of tem-
perature reduction in the coating-sublayer-base system
compared to a separate steel base is more rapid, the
greater the coating thickness. On the heat supply sur-
face XOZ, the largest differences AO*  of temperatures
that are compared are 0.00492 for a coating thickness
of 0.00425 (one coating layer) and 0.214 for a coating
thickness of 0.03825 (nine coating layers), lines 2 and 6.

The thermal state of an individual steel base dif-
fers significantly from the thermal state of the multi-
layer system under consideration in the general case.
Moreover, in cases where the coating thickness A,
is small, the temperature discrepancies between the
multilayer system and the individual steel base are
relatively small. This is due to the fact that the base
plays a major role in the heat transfer process under
study. At sufficiently large coating thicknesses A, ,its
role in determining the system’s temperature regime

is significant, and accordingly, the temperature dis-
crepancies between the individual base and the system
increase.

Conclusions. The presented research results
demonstrate the validity of using single-layer math-
ematical models for approximate estimates of the
thermal state of a multilayer system for two limiting
cases. The first case is for conditions where the coat-
ing thickness A, is relatively small, while the second
case is for conditions where it is quite large. In the
first case, only an isolated steel base was considered.
The presence of the coating was ignored due to the
coating’s very low thermal resistance in the y-axis
direction. In the second case, only the isolated coating
was considered. In this case, the existence of the base
was either completely ignored, or its thermophysical
properties were used for the coating. At sufficiently
large coating thicknesses, a regional influence of the
base on heat transfer in the high-temperature zone of
the multilayer coating was observed. This justifies the
implementation of the aforementioned substitutions
for the uniqueness conditions.

JOOJATKOBA IHOOPMAILIA
BHECOK ABTOPIB: Yci aBTopu 3po0ujii BHECOK IIOPiBHY.
DOIHAHCYBAHHS: Asropu He oTpuMyBaIu (DiHAHCYBAHHA OJIA IIHOT0 TOC/IIIKEHHA.
3ASABA ITPO JOCTYIIHICTD JJAHWUX: He 3acTocoByeThCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABIAIOTE IPO BiICYTHICTH KOH(JIIKTY iHTEpECiB.
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PORTABLE ADAS CALIBRATION ZONE
ASSESSMENT DEVICE: DESIGN, MEASUREMENT
METHODOLOGY AND SERVICE APPLICATION

Summary. Calibration accuracy for Advanced Driver Assistance Systems (ADAS) is a safety-critical process whose outcome
is determined by aspects ranging not only from calibration equipment and technician proficiency levels, but also the physical
properties of the workspace: the floor levelness, ambient illumination, and the absence of glare sources. Although the increasing
number of ADAS calibrations carried out in service workshops and in mobile settings, there is no standardized portable instru-
ment for the rapid pre-calibration audit of those environmental parameters. In this paper, the design, operating principle of the
portable ADAS calibration zone assessment device, and its service application are discussed. The proposed instrument includes
a high-precision inclinometer mounted on a three-point disc plate for floor slope measurement at nine spatially distributed refer-
ence points, a lux-meter mounted on a height-adjustable carriage for illumination measurement at the calibration target plane,
and an optional narrow-field tube attachment for directed glare assessment. A microcontroller-based computing unit with an em-
bedded display collects sensor input, compares the readings with OEM-defined thresholds, and provides a structured environment
passport. It addresses a well-established gap between full calibration stations and manual ad-hoc checks; significantly decreases
calibration failures attributable to environmental non-conformance; and works in fixed workshop and mobile (roadside) service
scenarios. Reference performance thresholds, measurement workflow, and representative service implications are discussed.

Key words: ADAS calibration, floor levelness, illumination measurement, glare assessment, inclinometer, lux-meter, calibration
zone audit, portable instrument, service workshop, environment passport.

ntroduction. Over the last year, Advanced Driver

Assistance Systems (ADAS) have become standard
equipment across a wide range of new passenger and
light commercial vehicles, including forward-collision
warning, automatic emergency braking (AEB),
lane-keeping assistance, adaptive cruise control, and
surround-view monitoring [7; 12].

The working performance of these systems relies
on the right synchronization and calibration of camer-
as, radar transceivers, ultrasonic sensors, and LiDAR
units for their alignment among the vehicle coordinate
frame and among themselves. Miscalibration, even at
sub-milliradian scale, can lead to systematic errors in
object detection, range estimation, and lane boundary
projection that can reduce the safety performance of
these systems [4; 8].

However, the burgeoning fleet of ADAS-equipped
vehicles generates a demand for calibration services
across the aftermarket and dealership arena [1; 14].
Calibration is carried out in fixed service bays, but

increasingly in mobile locations — roadside, at body-
shop partners, and at fleet depots.

In all deployment contexts, the OEM calibration
protocol specifies environmental prerequisites to be
met before the calibration sequence begins. These
prerequisites consistently address three physical pa-
rameters: (1) floor levelness, represented as the max
allowable slope in degrees or millimetres per metre
of a vehicle footprint; (2) ambient illumination (mini-
mum and maximum lux levels at the calibration target
plane); and (3) absence of glare or intense localised
light sources which can saturate camera sensors or
displace target feature detection [9; 16].

In present workshop practice, ambient compliance
is usually checked informally — and often by sight,
or at a single moment, or not at all. This results in
a well-documented set of calibration failures and un-
stable calibration results that are traceable not to
equipment failure, but to environmental nonaccep-
tance.

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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A 0.3° slope in one wheel position versus another
is not noticeable to the eye but crosses the +0.2° line
stipulated by some OEMs when calibrating static cam-
eras. Likewise, lighting that seems adequate on a sub-
jective measure may fall below the 500 lux threshold
needed for reliable target pattern detection, or suffer
from a glare source in the sensor field of view that the
technician cannot view from the technician’s line of
sight [6].

Current calibration stations, like the Autel IA700,
offer inclinometers and optical compensation approach-
es that partially tackle floor non-conformity, but they
are full calibration systems: not portable audit in-
struments. They only measure floor conditions at the
instrument’s own footprint, they do not map the vehi-
cle footprint zone into a grid, and they do not include
illumination measurement as a defined compliance
parameter. Also, their size and logistical needs do not
allow a pre-visit assessment tool that could be used in
mobile service sites [16].

The current paper fills this void by outlining the
design, measurement methodology, and service appli-
cation of a portable ADAS calibration zone assessment
device — a tripod-mounted sensor-integrated mea-
suring device providing a mapping/characterisation
of floor levelness, illumination at target height, and
glare risk in a defined calibration zone and a formal
compliance report output.

The device can be carried in the standard tech-
nician vehicle, configured in less than five minutes,
and run independently from any specialized metrology
knowledge. It is used in fixed and mobile service and
produces repeated records of environmental condi-
tion — referred to as an environment passport — which
can be used as evidence of calibration precondition
compliance.

Background and Related Work

1. Environmental Prerequisites for ADAS Calibration

The sensitivity of ADAS sensors based on cameras
to illumination is already well established. Li et al.
(2023) which compared pedestrian detection perfor-
mance to the standardised test environment showed
quantifiable loss of sensitivity under low-light condi-
tions where ambient illumination dropped below 300
lux, with AEB activation distance reduced by up to 18%.

Because sensor performance is light dependent, the
ITHS AEB test protocols [7] require controlled lighting
conditions. For a service calibration routine, the low-
light requirement does not preclude the calibration
process yet leads to calibration settings optimized for
an artificially dim environment, which results in de-
terioration of real-world performance by using lower
illumination levels of calibration settings.

The flat floor level affects the geometric proper-
ties of static camera calibration directly. Finally, the
relative values of camera mounting angles, vehicle
pitching at the calibration point and how angle of the
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calibration target in the camera field of sight are relat-
ed: the slope of the floor of the car of 6° will generate an
effective camera pitch error of 6° that is indistinguish-
able, from the standpoint of the calibration algorithm,
from a physical camera miscalibration point of view.

Typical OEM calibration texts define ideal floor
slope values of 0.1°— 0.5°, depending on sensor type
and the accuracy of the calibration process [6; 16].

A third risk factor in the environmental range is
glare from windows, overhead luminaires, as well as
specular surfaces in the workshop. Wide-angle sur-
round-view cameras (such as the ones used in the
Intelligent Around View Monitor (I-AVM) systems of
existing vehicles) are especially prone to this, because
their wide field of view inevitably captures relatively
more of the ambient environment.

A glare source at much higher luminance than
target pattern saturates image regions, displaces the
computed centroid of target features, and terminates
calibration routines with a false error flag or, worse,
an incorrect parameter set [2; 3].

2. Existing Instrumentation and its Limitations

The systematic calibration of multi-sensor ADAS
systems with LiDAR-camera and radar—camera pair-
ings has been widely investigated over the last few
years [10; 15; 19; 20]. However, this work is primar-
ily centred around the calibration algorithms them-
selves — targetless techniques or deep-learning-based
ones or track-to-track associations — and not on the en-
vironmental conditions under which those algorithms
perform accurately.

Inclinometers and floor-compensation algorithms
are built into commercial calibration systems like the
Autel IA700. The IA700 employs six HD cameras and
a motorised crossbar to calibrate with in-the-moment
floor compensation. Though, this system takes floor
tilts in only at the instrument site, not on the vehicle’s
entire footprint. [llumination is not used as a compli-
ance parameter.

Its size requires transportation in a large vehicle,
precluding use as a pre-visit audit tool at mobile loca-
tions. Other commercial systems (Hella GUTMANN,
Bosch DAS 3000) have similar limitations: they are
calibration systems with incidental environmental
sensing, and not environmental assessment instru-
ments.

Lux-meters and bubble levels, available as separate
tools, are completely ad hoc as an ADAS calibration
audit methodology. One point measurements do not
represent the vehicle footprint zone. There is a lack of
a common nine-point grid protocol and a pre-defined
threshold comparison method with no structured for-
mat of output.

Since no specific portable audit instrument has
been developed, the process of environmental compli-
ance verification before calibration has had no objective
repeatable way for workshop operators to evaluate
compliance.
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3. Reference Platforms and Sensor Technologies

Rovid et al. (2025) present a reference platform for
ADAS camera system evaluation that illustrates the
significance of carefully managed and detailed test
environments in producing reliable calibration results
[16]. Their contribution supports the view that the
measurement environment is itself a variable that
must be quantified and controlled. Ding et al. (2024)
propose a machine-vision-based approach to vehicle
coordinate system reconstruction in end-of-line ADAS
calibration, which necessitates a thorough understand-
ing of vehicle position and floor geometry — a require-
ment that presupposes floor levelness assessment [6].

High-precision inclinometers for floor levelness
measurement in the required range of 0-2° with res-
olution £0.01° are commercially available, such as the
Jewell DXI-100/200 series, which offers an electrical
output signal proportional to tilt angle and can be inte-
grated into a portable computing platform. Lux-meters
with digital output interfaces — like the Seeed Studio
S-Light-02 — offer illumination measurement in the
range appropriate for ADAS calibration (100-10,000
lux) with sufficient accuracy to make threshold com-
parisons. The availability of these sensor components,
combined with low-power microcontroller platforms,
establishes the technical feasibility of the proposed
device.

Device Design and Component Description

1. Overall Architecture

The portable ADAS calibration zone assessment
device (hereinafter: the device) is a tripod mounted

instrument consisting of five main functional ele-
ments: a vertical mast (1) with a height-adjustment
mechanism; a support assembly (2) as the base; a tilt
measurement unit containing an inclinometer sensor
(3) mounted on a three-point disc plate (10) attached
to the base of the mast; an illumination measurement
unit containing a lux-meter sensor (4) mounted on
a height-adjustable carriage (8) at the upper part of
the mast; and a computing unit (6) with integrated
display and power supply (5). For directed glare as-
sessment, the illumination measurement unit can be
supplemented with an optional tube attachment (7).
These elements are functionally interconnected as
schematically shown in Figure 1 and summarized in
Table 1.

2. Mechanical Structure

Vertical mast (1) is made from high-strength al-
uminium alloy. A telescopic locking mechanism al-
lows stepless height adjustment, permitting deploy-
ment across the full range of ADAS calibration target
heights encountered in passenger vehicle service, be-
tween 0.5 m and 1.8 m from floor level. At the lower
mast level, a pair of right-angle brackets mounted to
a clamping collar supports the disc plate (10) perpen-
dicularly to the mast axis. The disc plate (10) is circu-
lar, 14-16 cm in diameter. The bottom face has three
point-contact feet (three bolts with spherical heads,
locked with counter-nuts) spread out at equal angular
intervals. This three-point geometry ensures deter-
ministic contact with the floor surface, eliminating
rocking errors that would otherwise affect inclinometer
readings. The inclinometer sensor (3) rests on top of

LIGHT SENSOR
(DOME-UP)
TELESCOPIC <+—— SLIDING CARRIAGE
ALUMINIUM MAST

(COLLAPSED)

ELECTRONIC
DISPLAY BOX

If |«— FOLDED TRIPOD LEGS

MEASUREMENT IN
CONTACT WITH FLOOR
>

/— CIRCULAR DISC PLATE
WITH CONTACT FEET

LEFT VIEW: FLOOR MEASUREMENT MODE (FOLDED)

1 MEASUREMENT AT ELEVATION
| (e.g., LIGHTING LEVEL)
«— LIGHT SENSOR -~
(DOME-UP)
A SLIDING CARRIAGE
: (RAISED HIGH)
TELESCOPIC !
ALUMINIUM MAST :
(EXTENDED) ;
v
ELECTRONIC
EXTENDED
DISPLAY BOX HEIGHT
(e.g., 2.5m)
DEPLOYED
MEASUREMENT
AT ELEVATION "\ TRIPOD LEGS

RIGHT VIEW: ILLUMINATION MEASUREMENT MODE (DEPLOYED & EXTENDED)

Fig. 1. Portable ADAS calibration zone assessment device: (a) floor levelness measurement mode with tripod legs folded
and disc plate in contact with floor; (b) illumination measurement mode with tripod deployed and lux-meter carriage
raised to target height
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Table 1
Principal components of the portable ADAS calibration zone assessment device
Component Designation Primary Function

Vertical mast (1) Height-adjustable structural carrier for all measurement units; telescopic
aluminium construction

Support assembly (tripod) (2) Three-leg base providing stable freestanding support; legs fold upward for
disc-plate-only mode

Inclinometer sensor 3) Two-axis floor tilt measurement at nine grid reference points; mounted
on disc plate (10)

Disc plate (10) 14-16 cm diameter platform with three-point contact feet providing de-
fined, repeatable contact geometry with the floor

Lux-meter sensor (4) Ambient and directed illumination measurement; mounted on height-
adjustable carriage (8)

Height-adjustable carriage (8) Slides vertically along mast (1); locked at target height by clamp (9)

Tube attachment (optional) 7 Narrow-field-of-view attachment for directed glare measurement; snap-fit
onto lux-meter housing

Computing unit (6) Microcontroller with embedded display; acquires sensor data, applies
thresholds, displays results, stores records

Power supply (5) Rechargeable battery integrated with computing unit; powers sensors and
display autonomously

the disc plate, fixed to the plate axis and centred on
the plate axis.

When the device is in its illumination measurement
mode, the tripod support assembly (2) offers three-leg
freestanding stability. For monitoring floor levelness,
the tripod legs are folded upward against the mast and
secured with a strap, so that the mast is supported
exclusively through the disc plate (10), allowing the
inclinometer reading to represent the floor condition
only at the measurement point, rather than that of the
tripod leg positions.

3. Tilt Measurement Unit

The inclinometer sensor (3) delivers two-axis tilt
measurement with +0.01° resolution and £10° range,
which is considerably greater than the +0.5° range
relevant for ADAS calibration zone assessment. The
sensor generates an electrical output signal that is
proportional to the angle of tilt and is read by means
of a digital interface from the computing unit (6). The
sensor is supplied by the integrated power supply (5).
The three-point contact geometry of the disc plate
guarantees that the measured tilt is a faithful repre-
sentation of the local floor plane at the measurement
point. This is analogous to the manner in which a sty-
lus of a coordinate measuring machine samples a sur-
face at a defined contact geometry. The computing unit
records the tilt readings at each of the nine reference
points in the calibration zone grid and calculates the
maximum tilt observed, the mean tilt and identifies
the worst zone within the 3,000 x 2,000 mm vehicle
footprint rectangle.

4. Illumination Measurement Unit

The lux-meter sensor (4) is installed on the height-
adjustable carriage (8), which travels vertically along
the mast (1) and is secured at the required height by
clamp (9). The carriage position is set to the height of
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the calibration target centre for the respective vehicle
and ADAS system under review. The sensor detects am-
bient illumination with an integrated white dome dif-
fuser and gives a cosine-corrected output (representing
illumination available at the surface area of interest).
Illumination values are transmitted to the computing
unit (6) via a digital interface and displayed in lux.

The optional tube attachment (7) is a snap-fit cylin-
drical collar with an internal diameter 1-2 mm great-
er than the external diameter of the lux-meter dome
housing. Having fitted a tube, the effective field of view
for the sensor is limited in size from near-hemispher-
ical to around a 15-25° half-angle cone (depending on
tube length), allowing direct measurement to a focused
suspected glare source. The ratio of the directed (peak)
to the ambient (background) measurement provides
a quantitative glare risk index: the Peak/Ambient ratio
is a significant reflection of a localised high-luminance
source which adversely affects the camera calibration
quality if markedly above 1.0.

5. Computing Unit

The computing unit (6) is a microcontroller-based
module with an integrated LCD or OLED display
mounted to the mast at a reading-convenient height
of 150-190 cm. It includes: an analog-to-digital conver-
sion interface for the inclinometer sensor; a digital bus
interface for the lux-meter sensor; non-volatile memory
for measurement record storage; a user interface con-
sisting of control buttons and the embedded display;
and, optionally, a wireless communication module
(Bluetooth or Wi-Fi) for data transfer to a smartphone
or tablet application. It displays real-time sensor read-
ings, applies configurable pass/fail thresholds, and pro-
vides an audible or visual alert when a measurement
exceeds a limit. After completing a nine-point floor
survey and a target-height illumination measurement,
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the computing unit produces a structured summary

of the results — the environment passport — that con-

tains all measurement values, the applied thresholds,

the pass/fail status for each parameter, the date and

time, and an operator-entered zone identifier.
Materials and Methods

1. Reference Grid for Floor Levelness Assessment

The floor levelness test protocol is calculated by
means of a 3 x 3 measurement grid of points in a rect-
angular area of 3,000 mm x 2,000 mm, which refers to
the floor area that a regular passenger car fills during
calibration. An operator then marks nine reference
points (numbered 1 through 9) at the intersections of
that grid onto the floor surface with chalk or remov-
able tape (See Figure 2). The spacing corresponds to
1,000 mm in the longitudinal direction and 1,000 mm
in the lateral direction, with the outermost points 500
mm from each edge of the rectangle.

At each reference point, the operator folds the tri-
pod legs of the device upward and positions the disc
plate (10) so that its centre coincides with the grid
point, then waits 1-2 seconds until the inclinometer
reading stabilises before pressing the Save button on
the computing unit. The two-axis tilt vector recorded
at each point is held by the computing unit. The com-
puting unit calculates and displays: (a) the highest
tilt magnitude observed across all nine points; (b) the
mean tilt across all nine points; (c) the sub-zone in

the grid that performed the worst; and (d) the pass/
fail based on the threshold which is configured (de-
fault: 0.3° maximum tilt, configurable to OEM-specific
values). Passive ambient illumination is recorded at
every floor measurement point, thus creating a spatial
illumination map of the zone as a by-product of the
floor survey.

2. Target-Height Illumination Assessment

To assess illumination at the calibration target
plane, the operator uses the device in tripod mode while
keeping the tripod legs extended for stability. Carriage
(8) is adjusted to the height of the calibration target cen-
tre for the vehicle model and calibration procedure —
approximately 0.8 m to 1.4 m for windshield-camera
calibration. The lux-meter sensor (4), without the tube
attachment, is oriented horizontally toward the target
position. The operator starts the measurement, waits
3-5 seconds for stabilisation, and records the result.

A minimum of three to five measurement locations
within the target zone (left, centre, right, and optionally
upper/lower) are recommended to determine the illumi-
nation uniformity. The computing unit estimates and
presents the mean, minimum, and maximum illumina-
tion values at the measurement locations and the illumi-
nation uniformity ratio (minimum/maximum). Reference
levels: minimum illumination > 500 lux, maximum
illumination < 3,000 lux (to avoid sensor saturation),
uniformity ratio > 0.6. These values are consistent with

3000 mm

Yy

2000 mm

Fig. 2. Nine-point reference grid (3,000 mm x 2,000 mm) for floor levelness and ambient illumination survey
Note: numbers 1-9 indicate measurement sequence; crosses mark the three-point disc plate contact positions
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thresholds reported in OEM calibration files as well as
ITHS and NHTSA testing instructions [7; 13].

3. Glare Assessment Protocol

In the event that the calibration procedure fails,
or the response is unstable, and that the floor and
illumination parameters are within specification, the
glare from localised light sources is a cause. The glare
assessment protocol uses the tube attachment (7) on
the lux-meter sensor (4). The operator, then, points the
sensor — tube attached — toward each possible source
of glare in sequence: windows, overhead fluorescent or
LED luminaires, glossy wall surfaces, and reflective
equipment. For each direction of measurement, the
peak directed measurement is recorded by the comput-
ing unit. The glare risk index is computed as:

Glare Risk Index = Peak directed measurement
(lux) / Ambient background measurement (lux)

A Glare Risk Index substantially exceeding 1.0 —in
practice, values above 5.0 are considered significant —
indicates a source likely to impair camera calibration.
The operator records the direction of the glare source
and takes remedial action (closing blinds, reposition-
ing a luminaire, placing a matte screen) before retry-
ing the calibration.

The Environment Passport:
Documentation and Service Application

1. Concept and Content

A key output of the device is the environment pass-
port — a structured, timestamped record of the envi-
ronmental conditions at the calibration location. The
environment passport contains: operator and location
identification; date and time of measurement; results
of the nine-point floor survey (individual tilt readings,
maximum, mean, worst zone, pass/fail); results of the
target-height illumination survey (individual lux read-
ings, mean, minimum, maximum, uniformity ratio,
pass/fail); and, if conducted, glare assessment results
(peak readings by direction, Glare Risk Index, pass/
fail). The passport is stored in the non-volatile memory
of the computing unit and can be printed, exported
as a PDF via a connected smartphone application, or

transmitted by email directly from the computing unit
if the optional wireless module is fitted.

The environment passport serves multiple purpos-
es in the service workflow. It provides the technician
with an objective pre-calibration compliance check,
replacing informal visual inspection. It provides the
workshop owner with documentary evidence of cali-
bration precondition compliance in the event of a cus-
tomer dispute or insurance claim. It supports quali-
ty management systems in multi-bay workshops by
enabling periodic environmental surveys of each bay
and tracking changes over time (e.g., floor settlement,
changes in lighting infrastructure). For mobile service
operations, it demonstrates to the customer that the
calibration was performed in a location that met the
required environmental standards.

2. Workflow Integration

The suggested process for the incorporation of the
device into ADAS calibration service process comprises
four steps (See Figure 3):

Pre-calibration environmental survey: Prior to the
vehicle placement, a nine-point floor survey is per-
formed, and the result is logged by the operator. If the
zone fails, the operator will find another area of the
workshop or modify the boundaries and resurvey the
area. This takes about 5—-8 minutes.

Vehicle position and target location: The vehicle is
parked in the surveyed zone and the calibration target
is fixed at the OEM-specified distance and position.
The operator proceeds to perform the target-height
illumination measurement (2—3 minutes). In case the
illumination is non-compliant, the operator may adjust
lighting settings and re-measure.

Calibration execution: After checking compliance
with environmental factors, the calibration procedure
will be performed on the calibration system for the
workshop (OEM CONSULT, AUTEL, or otherwise). The
timestamp of the environment passport is contempora-
neous with the timestamp of the calibration process.

Documentation and archiving: An environment pass-
port is exported and archived with the calibration record
(vehicle VIN, procedure reference, result). In the event

3 B 4 ) (" » ( A B
=
Stage 1: Stage 2: Stage 3: Stage 4:
Pre-calibration » Vehicle » Calibration » Environment
floor survey positioning and execution passport
illumination documentation
E% check @
\ J J \ ), . J
9-point grid * lux check OEM procedure archive
+ pass/fail + glare check * export

Fig. 3. Recommended four-stage workflow for integrating the portable ADAS calibration zone assessment device
into the service process
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of a calibration failure, the environmental parameters
are recorded, which will aid in the analysis of root cause.

3. Mobile and Roadside Application

For the mobile ADAS calibrations, the environment
passport offers particular worth. In the absence of an
objective pre-calibration audit, mobile operators cannot
show — to their own quality management system or
the customer — that their calibration has taken place
in a compliant environment. The proposed device, de-
signed for single-operator transport and five-minute
setup, makes this audit practical for every mobile job.
The device, which is a folded tripod with mast, is com-
pact enough to be transported in a standard hatchback
or van. The device does not require mains power, op-
erating autonomously on its internal rechargeable
battery for a full working day.

Comparative Analysis

Table 2 summarises the functional characteristics
of the proposed device in comparison with currently
available alternatives: full ADAS calibration stations
with inclinometer features, and the ad hoc combination
of a spirit level and separate lux-meter.

Discussion. This proposed device addresses
a well-defined instrumentation gap at one point in
the ADAS service workflow in which it is needed: the
pre-calibration environmental audit. And now the de-
sign explicitly limits its design to this operation.

It is not the type used as a calibration equipment,
not performing calibration, rather it is a compliance
verification tool that allows a go/no-go decision for the
compatibility of the workspace before the calibration
equipment is installed. This functional restriction
is intentionally applied — because it does not try to
compensate environmental non-conformance, which
is the norm with some calibration stations, it guaran-
tees that the calibration is done in a known-compliant
environment, and not in one with partially misused
calibration.

The nine-point grid for floor assessment can be
seen as an optimization of physical efficiency and time
to service. A nine-point survey over a 3 x 3 m area is
suitable with 5 minutes from a single operator and
provides spatial resolution to record floor slope gra-
dients and local depressions that a single point mea-
surement would fail to record.

The three-point contact geometry of the disc plate
also eliminates a major source of measurement arte-
fact — the rocking or bridging of a flat base plate over
slightly convex or concave floor surface — that would
otherwise cause systematic errors in the inclinometer
reading.

The inclusion of glare assessment through the di-
rected tube attachment increases the utility of the
device to a class of calibration failures that can be dif-
ficult to diagnose without quantitative tools. The Peak/
Ambient ratio metric is easy to calculate and interpret,
and directing the measuring approach (pointing the
tube-mounted sensing material to each potential glare
source in turn) does not require some kind of optical
expertise from the operator.

In comparison, the technical challenge of analyzing
the histograms of the camera raw image for saturation
evidence necessitates an approach that requires access
and specialist knowledge at the calibration-system level.

A limitation of the current design is that measure-
ments of floor levelness and illumination were made
sequentially and in separate instrument combinations
(disc-plate mode versus tripod mode). A potential ap-
plication of this would be to complement the disc-plate
measurement with a second inclinometer attached to
the tripod legs to measure absolute floor tilt in tripod
mode in a single deployed manner.

However, this sequential protocol adds only 2-3
minutes to the overall survey time and is considered
acceptable for the target application. The environment
passport concept is in line with the growing trend
towards documented, traceable service processes in

Table 2

Comparative analysis: portable ADAS calibration zone assessment device versus
existing approaches

Criterion

Full calibration station
(e.g. Autel IA700)

Ad hoc spirit level + lux-meter

Floor survey area

Single-point (instrument location only)

Single-point or informal multi-point

Floor survey protocol

No standardised grid protocol

No standardised grid protocol

Illumination measurement | Not included as compliance parameter

Separate instrument; no threshold comparison

Glare assessment Not included

Not possible

Structured output / report
audit report

Calibration record only; no environment|None

Portability Large system; requires large vehicle for|Portable but no unified instrument
transport
Setup time > 20 minutes < 5 minutes but incomplete

Proposed device
print coverage

Nine-point grid survey; full vehicle foot-|Standardised protocol; automated threshold

comparison; environment passport; < 8 min
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the automotive aftermarket accelerated by growing
complexities embedded in vehicle systems, as well as
the potential risk of inaccurate alignment in ADAS
calibration [11; 17].

With the deeper integration of ADAS systems with
vehicle architectures and the advent of OTA-updatable
systems like those found on CMF-EV platform vehicles,
the demand for systematic, repeatable environmental
audit processes will only continue to rise [5; 18].

Conclusion. In this paper, the design, measure-
ment approach and treatment of a portable ADAS
calibration zone appraisal system has been discussed.
The key achievements are: A portable, single operator
instrument that encompasses floor levelness (nine-
point grid, three-point disc plate contact geometry),
ambient and target-height illumination measurements
(height-adjusted carriage), as well as directed glare
screening (tube attachment), in a single tripod mount.
A standardised nine-point measurement protocol for
floor-levelness and spatial illumination (SM) mapping

in the vehicle footprint zone and automatic pass/fail
comparison against configurable OEM-aligned thresh-
olds. Environment passport: a structured output doc-
ument with timestamp that indicates environmental
compliance before calibration, helpful for archiving
quality management issues and customer facing doc-
umentation. Achieved applicability to fixed workshop
as well as mobile service, setup time < 8 min and can
run autonomously on an integrated power supply.

The device will serve as a bridging solution be-
tween the documented disconnect between a full ADAS
calibration station and informal ad hoc checking:
a practical, low-cost, repeatable option to a family of
calibration failures, that are based on errors that are
environmental rather than fault-laden with the equip-
ment or procedures themselves. Future works should
develop a standardised threshold database indexed
by OEM, sensor type, and calibration procedure and
a wireless data transfer solution linking to workshop
management applications.

JJO/TATKOBA IHOOPMAIIIA
DOIHAHCYBAHHS: Asropu He oTpuMyBau (DiHAHCYBAHHA OIS IIHOTO TOCIIIKEeHHA.
3ASBA ITPO JOCTYIIHICTD JAHUX: He 3acTocoByeTbCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAIOTE IIPO BiCyTHICTH KOHQJIIKTY iHTEpeciB.
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MODEL FOR CONSISTENT Al INTERFACES
BASED ON DESIGN-SYSTEM RULES

Summary. The article proposes the Design-System Al Interface Consistency Model (DS-AICM), which maps task context, Al
state, uncertainty, consequence and user control to design-system rules. Its novelty is explicit activation conditions, risk-propor-
tional safeguards, artifact mapping and a governance feedback loop. A conceptual set expression, a matrix and three scenarios
show internal coherence without software implementation or empirical effectiveness claims.
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ntroduction. Artificial intelligence has become

a visible interaction layer in digital products. Users
no longer interact only with deterministic commands
and predefined content: they formulate intentions,
receive generated or ranked outputs, observe changing
system states and decide whether an answer is suffi-
ciently reliable for the next action. This shift changes
the meaning of interface consistency. A visually uniform
component library does not guarantee a consistent
experience when one Al feature explains its limits,
another hides uncertainty, and a third offers no way
to correct or reverse an outcome.

Design systems codify reusable components, in-
teraction principles and organizational knowledge.
They support consistent implementation and cross-
functional collaboration through shared standards and
terminology [1, p. 2, 17; 2, p. 1]. Al-enabled interaction
nevertheless introduces variability that cannot be ad-
dressed by typography, color, layout and component
behavior alone. The same component may require
different copy, controls and safeguards depending on
whether the system generates a draft, recommends
an option, predicts an outcome or supports a conse-
quential decision.

The research problem is therefore to convert dis-
persed human-Al interaction recommendations into
a compact rule-selection model that can operate inside
design-system practice. The model must remain usable
for Product Design and UX/UI teams while explicitly
connecting context, Al state, uncertainty, consequence,
explanation, recovery and user control. The present
article addresses this problem conceptually; it does
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not present source code, a software prototype or an
empirical performance model.

Analysis of recent research and publications.
Research on design systems shows that they function
as more than repositories of UI components. They also
coordinate documentation and collaboration, while
maintenance requires stable knowledge to evolve
with concrete product needs [1, p. 17, 21-22; 2, p. 1].
Studies of interface consistency further indicate that
consistency is relational: comparable tasks and con-
texts should preserve recognizable choices, whereas
different contexts may justify different behavior [3, p.
1]. This distinction is essential for Al products because
the acceptable degree of automation and required in-
formation can change with task consequence.

Human-AlI interaction research supplies a substan-
tial set of design requirements. Amershi S. et al. group
18 guidelines by interaction phase —initially, during
interaction, when wrong and over time — and include
capability framing, contextual information, correction
and explanation [4, p. 3—4]. Yang Q. et al. identify
uncertainty about Al capability and output complex-
ity as distinctive sources of design difficulty [5, p. 1].
Liao Q. et al. show that explanation design should
be driven by user- and context-dependent questions
rather than model mechanics alone [6, p. 1, 3], while
Eiband M. et al. translate transparency principles into
a stage-based participatory process for product-specific
decisions [7, p. 211-212].

Expectation management and control are equal-
ly important. Preparing users for imperfect Al can
increase acceptance without implying that errors

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by /4.0/)
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disappear [8, p. 1]. Onboarding research shows that
people need information about capability, limitation,
intended use and design objective before effective col-
laboration begins [9, p. 104:2-104:3]. Human-centered
Al seeks high automation together with high human
control [10, p. 495], and trust research frames the de-
sign goal as appropriate rather than maximal reliance
[11, p. 50]. In decision support, explanations alone do
not reliably eliminate overreliance or improve comple-
mentary team performance [12, p. 188:1-188:2; 13,
p. 1-3]. Editable intermediate results and chained
interactions can make complex AI behavior more in-
spectable and controllable [14, p. 1-2], while non-ex-
perts’ prompt-design difficulties demonstrate the need
for iterative support, error recognition and strategy
formation [15, p. 1-3].

The literature therefore offers valuable principles,
frameworks and empirical findings, but most contri-
butions remain separate checklists or domain-specific
results. Teams still need an operational answer to
three questions: which rules activate in a given scenar-
io, which design-system artifacts embody those rules,
and how justified exceptions return to governance.
DS-AICM addresses this gap by treating consistency
as a conditional, traceable and maintainable rule-se-
lection process.

Objectives of the article. The purpose of the ar-
ticle is to propose a conceptual model for ensuring
consistency in Al-enabled interfaces by selecting and
applying design-system rules according to task con-
text, Al state, uncertainty, consequence, irreversibility
and required user control. The scientific novelty lies
in combining literature-derived human-Al require-
ments with explicit activation conditions, proportional
safeguards, design-system artifacts, traceability and
a governance feedback loop. The practical value is
a reusable structure for design specification, hand-off
and review. In this article, risk is used only as an um-
brella term covering consequence, irreversibility, time
pressure, uncertainty-related exposure and required
domain expertise; consequence remains the principal
matrix variable.

To achieve this purpose, the study addresses three
analytical tasks. First, it identifies the dimensions of
consistency required for Al-enabled interfaces and
explains why a component-oriented design system
alone is insufficient. Second, it determines how Al-spe-
cific requirements can be represented as conditional
design-system rules with explicit activation criteria.
Third, it proposes a conceptual model for selecting, ap-
plying and reviewing these rules across typical product
scenarios.

Research methods. The study uses conceptual
synthesis, comparative analysis, classification and
scenario-based analytical assessment. The literature
search and page-level source verification were con-
ducted from 1 June to 5 July 2026 using targeted ti-
tle, abstract and keyword combinations in accessible

bibliographic, publisher and full-text records. For po-
tential replication in Scopus, the search strategy can
be expressed through the following TITLE-ABS-KEY
query families: TITLE-ABS-KEY (“design system*”
AND (governance OR consistency OR component®));
TITLE-ABS-KEY ((“human-AlI interaction” OR “Al in-
terface®™”) AND (guideline* OR uncertainty OR ex-
plainability OR “user control”)); and TITLE-ABS-KEY
((“Al-assisted decision-making” OR “generative AI”)
AND (reliance OR recovery OR onboarding OR trans-
parency)). The strategy was iterative and designed for
conceptual coverage rather than exhaustive systematic
review; no PRISMA-style hit count is claimed.

Inclusion criteria were: peer-reviewed publication
in English; direct relevance to design systems, inter-
face consistency or observable human-AlI interaction
requirements; sufficient methodological or conceptual
detail to derive a rule, activation condition or gover-
nance implication; and availability of verifiable bib-
liographic metadata and full text for page-level cita-
tion. Purely algorithmic explainability studies without
an interface implication, non-peer-reviewed practi-
tioner blogs, duplicate versions and papers used only
for general AI background were excluded. The final
analytical corpus contains 15 publications. Publisher
and DOI records were used as the bibliographic source
of truth. The corpus is therefore described as peer-re-
viewed literature rather than a Scopus-only sample.

The analysis followed five steps. First, recurring
problems and requirements were extracted from the
selected papers. Second, overlapping requirements
were grouped into consistency dimensions and rule
families. Third, existing approaches were compared
against six criteria that expose the proposed mod-
el’s incremental contribution. Fourth, the activation
logic was formalized through a set expression and
a consequence-uncertainty matrix. Fifth, three sce-
narios were used for non-empirical analytical verifi-
cation. Two checks were applied: coverage, meaning
that each proposed rule family was either linked to
a literature-derived requirement or explicitly identified
as an author-developed operational extension; and
differentiation, meaning that scenarios with different
consequence and uncertainty levels produced different
mandatory rule sets. These checks demonstrate inter-
nal coherence, not external effectiveness.

Results

1. Theoretical foundations of Al interface con-
sistency. For this study, an Al interface is an inter-
action layer through which a person specifies a goal,
receives or supervises an Al-produced result and can
influence subsequent system behavior. Consistency
is defined as a stable relationship among user intent,
the current Al state, output properties, interface feed-
back and available controls. The definition deliberately
shifts attention from identical appearance to predict-
able meaning and action.
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Seven complementary dimensions are distinguished.
Visual-structural consistency covers components,
hierarchy, spacing and placement. Interaction-state
consistency covers loading, generation, completion, in-
terruption, error and recovery. Semantic consistency
concerns stable terminology for Al actions and outputs.
Epistemic consistency concerns the communication of
uncertainty and limitation. Explanatory consistency
concerns reasons, evidence and provenance. Agency
consistency concerns editing, confirmation, cancella-
tion, undo and escalation. Governance and accessibility
consistency concerns documented ownership, excep-
tions, traceability and inclusive use.

The dimensions are interdependent. A “Regener-
ate” control is not consistent merely because it looks
the same: its label, consequence, state transition and
recovery behavior must also be predictable. Likewise,
a confidence indicator may create inconsistency when
related features use incompatible scales or fail to ex-
plain what the value means. Each reusable Al pattern
should therefore specify four linked layers — compo-
nent, content, behavior and control — while uncertain-
ty and consequence determine which additional layers
become mandatory. The rules presented in Table 1 are
synthesized by the author from the reviewed litera-
ture and extended to the operational requirements of
design-system governance and accessibility; they are
not verbatim reproductions of individual publications.

A separate comparison is necessary because sci-
entific novelty cannot be established by listing use-
ful principles alone. Table 2 presents the author’s

comparative synthesis of existing approaches and the
proposed DS-AICM. The criteria are analytical dimen-
sions selected in this study: evidence from prior work
supports the first two approach columns, while the DS-
AICM column reports the contribution proposed here.
2. Design-system rules for Al interfaces. Within
DS-AICM, the author defines a rule not as a general
instruction such as “be transparent”, but as a condi-
tional statement connecting an observable design sit-
uation with a required interface response. A usable
record contains at least five fields: activation condition,
required pattern, prohibited pattern, rationale and
evidence or ownership. For example, when an Al result
can materially influence a consequential decision, the
proposed model requires the interface to expose the
relevant basis of the recommendation, enable human
review and prohibit silent automatic execution.
Capability framing and state visibility. Within
DS-AICM, capability framing and state visibility are
represented as conditional rule records. The reviewed
literature supports disclosure of capability, limita-
tion and context before use [4, p. 3; 9, p. 104:2—-104:3].
The proposed model extends this basis by requiring
a product-specific state vocabulary — queued, process-
ing, partial, completed, interrupted and failed — and
by defining the controls available in each state.
Uncertainty, explanation and provenance.
The proposed model does not require a numerical
confidence value in every interface. It requires an un-
certainty representation that is understandable and
actionable in the given context. The author proposes

Table 1

Dimensions of Al interface consistency and corresponding design-system rules

Dimension Design objective

Representative rules and artifacts

Preserve recognizable hierarchy
and component use.

Visual-structural

Shared tokens, layouts and Al-status components; generated
content is distinguished without creating a separate visual
language.

Make progress, change and
failure predictable.

Interaction-state

Named states for idle, queued, generating, partial result,
completed, interrupted, failed and corrected; documented
transitions and permitted actions.

Keep terminology and instruc-
tions stable.

Semantic and content

Consistent names for Al functions, outputs and controls;
product-specific capability statements, prompt guidance and
action-oriented messages.

Communicate uncertainty and
limitations proportionally.

Epistemic

Limitations, confidence or verification needs appear when
they affect action; false precision is avoided; facts, sugges-
tions and hypotheses are distinguished.

Support understanding of rele-
vant reasons and sources.

Explanatory and prov-
enance

“Why this?”, evidence, data origin or transformation history
are provided according to task consequence through progres-
sive disclosure.

Maintain meaningful user
control.

Agency and recovery

Edit, retry, stop, undo, compare, reject and escalation con-
trols are defined where applicable; consequential execution
requires confirmation.

Governance and acces-
sibility

Keep rules maintainable, audit-
able and inclusive.

Rule ownership, exception rationale, review dates and acces-
sibility behavior for dynamic content, status announcements
and keyboard interaction are documented.

Source: developed by the author through conceptual synthesis based on [1, p. 2, 17, 21-22; 3, p. 1; 4, p. 3-4; 6, p. 1, 3; 10, p. 495; 11, p.
50, 73-75; 14, p. 1-2] and extended to the operational requirements of design-system governance and accessibility
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Table 2

Existing approaches versus DS-AICM

Criterion

Conventional design
systems

Human-AI guidelines and
frameworks

Proposed DS-AICM contribution

Activation condi-
tions

Usually implicit in com-
ponent documentation or
product convention.

Guidelines identify desirable
behavior, but selection is often
left to practitioner judgment.

The proposed model gives each rule an
observable trigger tied to context, Al
state, consequence, uncertainty or per-
sonalization.

Risk proportion-
ality

Not normally central to
component selection.

HCAI and trust frameworks es-
tablish the importance of con-
trol and calibrated reliance.

Within DS-AICM, safeguards increase
with consequence, uncertainty and ir-
reversibility instead of relying on one
uniform disclaimer.

Design-system
artifacts

Components, tokens, pat-
terns, documentation and
code.

Principles, checklists, studies
and domain examples.

The proposed model maps activated
requirements to components, content,
behavior, controls, state definitions and
ownership fields.

Governance loop

Ownership and main-
tenance may exist, but
Al-specific exceptions are
not necessarily structured.

Most approaches focus on de-
sign guidance or evaluation
rather than repository evolu-
tion.

DS-AICM records context, owner, ev-
idence and review date for exceptions;
recurrent exceptions may become gov-
erned patterns.

Recovery rules

Generic error and undo
patterns may be available.

Correction, dismissal and con-
trol are recommended, but not
always linked to state and con-
sequence.

When activated, DS-AICM specifies
stop, retry, edit, undo, compare, reject
or escalation behavior.

Traceability

Traceability is often limit-
ed to component usage and
implementation.

The rationale for a selected
guideline may remain external
to the design specification.

The proposed model traces each safe-
guard from scenario condition to rule,
design-system artifact, implementation
behavior and review decision.

Source: author’s comparative synthesis; descriptions of conventional design systems and human-Al approaches are based on [1, p. 2,
17,21-22; 2, p. 1; 4, p. 3-4; 6, p. 1, 3; 10, p. 495; 11, p. 50, 73-75; 14, p. 1-2], while the DS-AICM column presents the contribution pro-

posed in this study

that a low-consequence creative suggestion may need
concise limitation text and an easy retry, whereas de-
cision support may require calibrated uncertainty,
evidence, provenance and an explicit verification step.
Within DS-AICM, explanation depth is proposed to
increase with task consequence and novelty, while
technical detail is disclosed progressively. This rule is
derived through conceptual synthesis: prior work sup-
ports question- and context-dependent explanations,
expectation management and appropriate reliance,
while also showing that explanations alone can encour-
age or fail to prevent inappropriate reliance [6, p. 1, 3;
8,p. 1;11, p. 50, 73-75; 12, p. 188:1-188:2; 13, p. 1-3].

Agency, recovery and governance. Within DS-
AICM, the author proposes that meaningful control
include editing inputs, interrupting a long operation,
rejecting an output, restoring a prior state, requesting
alternatives and escalating to a human or authori-
tative process. Feedback controls must state wheth-
er they alter only the current result, contribute to
product improvement or personalize future behavior.
The governance fields — owner, exception rationale,
evidence and review date — are operational extensions
introduced by the model, informed by design-system
evolution and human-AI correction and control re-
search [1, p. 21-22; 4, p. 3; 14, p. 1-2; 15, p. 1-3].

2. AI function
and state

1. Context and
user goal

3. Uncertainty
and risk

4. Rule
activation

5. Pattern
specification

6. Review and
governance

feedback: exceptions, evidence and rule updates

Fig. 1. Design-System AI Interface Consistency Model (DS-AICM)
Source: developed by the author through conceptual synthesis based on [1, p. 21-22; 4, p. 3—4; 14, p. 1-2]
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3. Proposed Design-System Al Interface Con-
sistency Model. The proposed Design-System Al In-
terface Consistency Model (DS-AICM) consists of six
linked stages and a governance feedback loop. It begins
with the user’s situation rather than the existing com-
ponent inventory, then narrows the design problem
until an auditable set of rules and artifacts can be
specified. Figure 1 presents the overall sequence.

Stage 1. Context framing. The model records the
user role, task, expected outcome, conditions of use,
decision consequence and acceptable delay.

Stage 2. Al function and state mapping. The
feature is classified as generation, transformation, rec-
ommendation, classification, prediction or decision
support. The relevant normal, interrupted and failure
states are then identified. Together, the first two stages
prevent a pattern from being selected solely because
an existing component is available.

Stage 3. Assessment of uncertainty, conse-
quence and irreversibility. The model assesses output
uncertainty, the potential consequence of error, revers-
ibility, time pressure and the need for domain expertise.

Stage 4. Rule activation. Always-on requirements
are combined with additional safeguards triggered
by the conditions identified at the previous stage. For
conceptual use, low, medium and high ordinal levels
are sufficient; the model does not imply a statistically
calibrated risk score.

Stage 5. Pattern specification. The activated
rule set is translated into design-system artifacts:
components, content, behavior and controls. These
artifacts include state definitions, interface copy, ex-
planation depth, confirmation, recovery and prove-
nance requirements.

Stage 6. Review and governance. The proposed
solution is checked for cross-product consistency, acces-
sibility and safety. A justified deviation is documented
together with its context and owner, while recurring
deviations return to the repository as candidates for
a new governed pattern. This creates the governance
feedback loop.

The activation logic can be expressed as a concep-
tual set union:

Ract (x):Rbase URrisk (C’U)U

U Runcertainty ( u) v Rpersonalization (p ) .

Here, x denotes the design scenario; ¢ is conse-
quence; v is irreversibility; u is output or capability
uncertainty; and p denotes personalization or feedback
that changes future behavior. The expression is a con-
ceptual design-decision representation rather than an
executable software algorithm. Every scenario receives
the base set, while additional rule families become man-
datory when their activation conditions are present.

The matrix is proposed in this study and is not
reproduced from an existing framework. Within DS-
AICM, the author assumes a conservative upper-right
condition and a lightweight lower-left condition. This
prevents two common design errors: applying high-fric-
tion safeguards to every creative feature, and treat-
ing a generic disclaimer as sufficient for a high-con-
sequence decision. When conditions conflict, the rule
associated with the greater consequence or lower re-
versibility prevails. Personalization activates disclo-
sure and consent requirements independently of the
matrix because it changes future system behavior.

Discussion. The findings correspond to the three
analytical tasks defined at the beginning of the study.
First, the analysis shows that Al-interface consisten-
cy includes visual, behavioral, semantic, epistemic,
explanatory, agency and governance dimensions.
A component-oriented system alone is insufficient be-
cause the meaning and required safeguard of a com-
ponent depend on the Al state and the consequence of
use. Second, the study represents each requirement as
a conditional rule with an activation trigger and linked
design-system artifacts. Third, the proposed six-stage
structure, conceptual activation set, consequence-
uncertainty matrix and scenario walkthroughs pro-
vide a structured way to select, apply and review those
rules in typical product situations.

The comparison in Table 2 clarifies the novelty
claim. DS-AICM does not claim originality for hu-
man control, explainability or uncertainty communi-
cation. It integrates those established concerns with
design-system governance through explicit activation

Table 3
Consequence-uncertainty matrix for rule activation
Consequence | Uncertainty | Required level Proposed mandatory rule set

Low Low Base Al-role disclosure; stable naming; state visibility; accessibility;
ordinary edit or cancel behavior.

Low High Base + uncertainty | Base rules plus limitation text, verification cue, retry or alterna-
tive, and explicit recovery from poor output.

High Low Base + conse- Base rules plus provenance, review, confirmation, auditability

quence and prohibition of silent automatic execution.

High High Full safeguards | All rule families: uncertainty, explanation, provenance, confirma-

tion, human review, recovery, escalation and audit history.

Source: developed by the author through conceptual synthesis based on [4, p. 3—4; 10, p. 495; 11, p. 50, 73-75; 12, p. 188:1-188:3; 13,

p.- 1-3]
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Table 4

Scenario-based application of DS-AICM

Scenario and conditions

Rule mapping proposed in DS-AICM

Conceptual consistency outcome

Generative writing assistant.
Low consequence; medium un-
certainty; reversible draft.

Base rules plus uncertainty and recovery:
show generation state and limitations; mark
generated content; provide edit, stop, regen-
erate, compare and undo; keep labels stable
across entry points.

The output is understood as a draft.
Users can revise it and encounter the
same recovery behavior throughout the
product.

Recommendation module. Me-
dium consequence; preference-
dependent output; multiple
valid alternatives.

Explain the main recommendation factors;
provide “Why this?”, alternatives and prefer-
ence controls; disclose relevant data use; allow
rejection and correction.

Recommendations remain adjustable
support rather than a single objective
answer, and users retain control over
criteria.

High-consequence  decision-
support dashboard. High un-
certainty; expert review re-
quired.

Activate full safeguards: evidence and prov-
enance, calibrated uncertainty, mandatory
review and confirmation, no silent execution,
audit history, recovery and escalation.

The interface supports appropriate re-
liance, preserves accountability and ap-
plies equivalent safeguards to compara-
ble decisions.

Source: scenarios and rule mappings developed by the author; underlying requirements synthesized from [4,
p-3-4; 8, p. 1;9, p. 104:2-104:3; 10, p. 495; 11, p. 50, 73-75; 12, p. 188:1-188:3; 13, p. 1-3; 14, p. 1-2; 15, p. 1-3]

conditions, risk-proportional rule selection, scenar-
io-to-rule-to-artifact mapping, implementation trace-
ability and a governance feedback loop. A designer can
justify why a confirmation or recovery control appears,
while an engineer can identify the Al state, artifact
and behavior to implement.

Risk proportionality is the second contribution.
As defined above, risk is an umbrella category, while
consequence remains the principal matrix variable.
The model neither classifies every Al feature as high
risk nor reduces responsible design to a universal dis-
claimer. Requirements increase when uncertainty,
consequence or irreversibility increases. At the same
time, the governance feedback loop preserves context-
sensitive design. Design systems must evolve with con-
crete product needs [1, p. 21-22]; DS-AICM supports
that evolution by recording justified exceptions and
returning recurrent patterns to the governed rule set.

The scenario analysis is an internal analytical
check only. It shows that the model differentiates low-
and high-consequence use cases, but it does not prove
improved usability, safety or development efficiency.
External validation would require expert review, ap-
plication to a real product and user or audit data. This
limitation is preferable to presenting uncollected ex-
pert opinions or simulated performance as empirical
evidence.

Conclusions and prospects for further re-
search. The article proposes DS-AICM as a concep-
tual model for ensuring consistency in Al-enabled

interfaces through design-system rules. Consistency is
defined as a stable relationship among user intent, Al
state, output properties, feedback and user control. The
model organizes the problem into seven dimensions
and six linked stages: context framing, Al-function and
state mapping, assessment of uncertainty, consequence
and irreversibility, rule activation, pattern specifica-
tion, and review with a governance feedback loop.

The scientific contribution is the conditional con-
nection of human-Al interaction knowledge with op-
erational design-system artifacts. The comparison
table identifies the incremental value over existing
approaches; the conceptual set expression and decision
matrix formalize rule activation; and the scenarios
illustrate proportionate requirements for a writing
assistant, a recommendation module and a high-con-
sequence dashboard. The practical result is a concise
method that Product Design and UX/UI teams can use
before implementation.

The study remains conceptual. It has not been im-
plemented as software and has not been evaluated in
a user study or external expert panel. The literature
selection was targeted rather than systematic, and the
scenarios do not cover every Al modality or domain.
Further research should include structured assess-
ment by three to five UX/UI and engineering experts,
checklist evaluation of existing Al interfaces, appli-
cation to a real product, usability testing, refinement
of activation thresholds and measurable compliance
criteria for design-system audits.

JOIJATKOBA IHOOPMAIIA
DOIHAHCYBAHHSA: AsTopu He oTpUMYyBaIu (DiHAHCYBAHHA OJIA IIHOT0 TOCIIKeHHA.
3AABA ITPO JOCTYIIHICTD JAHMUX: He 3acTocoByeThes.
KOH®JIIKT IHTEPECIB: ABT0opu 3asBIAI0TD IIPO BiCYTHICTb KOH(JIIKTY iHTEepecis.
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MITITALLIA 9K ENEMEHT KJIMATUYHOI
BE3MEKW B YKPAIHI

MITIGATION AS ELEMENT OF CLIMATE
SECURITY IN UKRAINE

AHoTauis. Y poboTi po32sHyTi OCHOBHI 3acagu KAIMAT4HOI NOAITUKM YKpaitm y cdepi mMiTieauii, BU3HaveHnii BHecok Ykpa-
iHW y 2106a/1bHY KNiMaTnyHy 6e3nekun a KOHTeKCTi MiTieauii, IpoaHani3oBaHo iHCTpYMeHTH MoHeTusauii CO2 y cepi mitizauii,
nigkpecneHo po/b MiTieauii i cuHep2eTMYHMX 3aX0giB B KAIMATMuHIl 6e3newi, KibKicHO ouiHeHWi i macluTab mitieauii i BHeCok
y KnimatnyHy 6e3neky i gns epynu koMBIHOBaHMX 3aX0giB MiTieauii i aganTauii. 3pobneHo akLeHT Ha Po3KOOPGUHOBAHOCTI
KAIMAaTuyHoOI nonitnkm y cepi knimatnaHoi be3nexn, BigCyTHICTb CaMO20 MOHATTS «KAIMATUYHA Ge3reka» y KAiMaTUYHOMY
MIAHYBAHHI | IHTe2POBAHO20 MigXogy HA PIBHI gepyKasu go MiTieauii K Mo20 efeMeHTy.

KntoyoBi cnoBa: 3miHa knimMary, MiTi2auisi, CKOpOYeHHs! BUKMUGIB, NAPHUKOBI 2d3u, MOHETM3allis co,

Summary. The paper considers the main principles of Ukraine’s climate policy in the field of mitigation, identifies Ukraine’s
contribution to global climate security in the context of mitigation, analyzes the tools for monetization of CO2 in the field of
mitigation, emphasizes the role of mitigation and synergistic measures in climate security, quantifies the scale of mitigation and
contribution to climate security, and for groups of combined mitigation and adaptation measures. Emphasis is on the lack of
coordination of climate policy in the field of climate security, the absence of the very concept of “climate security” in climate
planning and an integrated approach at the state level to mitigation as its element.

Key words: climate change, mitigation, emission reduction, greenhouse gases, monetization of CO2.

cryn. [lina Yepainy, Axa mocrpaskaaiia Bii HOBHO-
MacirTabHol BiliHUA, MUTAHHA KJIIMATUYHOI Oearre-
KU Bce 0iJtpIie Ha0yBaIOTh BUMIpPY He TLJIBKY OKPEMUX
i KOMIIOHEHTIB, TAKUX AK MITirarlid, aje i HaIioHaJ b-

PO3BUTKY Ta iHTerpallieio Bcix KOMIIOHEHTIB, CKOpillle Xa-
pakTepHa OKpeMa aKTHUBHICTh 0e3 y3roIKeHOCTi Ha PiBHI
nepskasu. EjriemenTr mitirarii, K KOMIIOHEHTY KJTiMa-
TU4YHOI 6esneku (ckopoyenHs BukusiB CO,, MOHITOpHHT

HOI Ta eKoHOMIuHOI Oesnexknu. KiiMaruuna Gesmneka
AK IIOHATTA IIOKH 1[0 He PO3TJIAAAIacAd AK KOMILIEKCHA
MUKTUCIUILIIHAPHA apaaurMa i3 4iTKoI0 CTpaTerieo

BUKHU/IIB, TPOEKTH B paMKax KioTcbKoro mpoToKoiry, pos-
BUTOK Bi[JHOBJIIOBAHOT €HEPTETUKN) BITPOBA?KYBAJIUCS
CKOpiIlle Ha PiBHI OKPEMUX CEKTOPIB UM ITiIIPUEMCTB 6e3

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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IIPUB’A3KH 1 iHTerpariii 10 KJIiMaTU4YHOI 0€3IIeKH B TOMY
YHCITi Uepes BIACYTHICTh LEHTPY KOOPAUHAITIT MOJTITHK.

ITonpu moBHOMAacmITabHy BiliHy, YKpaiHa 3ajuiia-
€ThCA OOHUM 13 KJIIDUYOBUX T'PABI[iB INI00AJILHOT KJTi-
MaTUYHOI apXiTeKTypu. BUKUIN MapHUKOBUX rasiB
Yxpaiuu y 2023-2025 pokax € Ha piBHi 6;113bK0 200—
220 vy, T CO,-exBiBanenTa (0,41% rnobanpaux) [1].
Ocranniit HarioHaapbHO BUSHAYEHMI BHECOK YKpaiHU
(NDC 2 Big sxoBTHA 2025 p.) [2] MicTUTS I1iIb He IIepe-
sumenHa BukuAiB CO, Ha piBHi 65% Bin pisaa 1990 p.,
1 gaJti KriMaTruYHA HeUTPaJIBHICTD 10 2050—-2060 pokis.
¥ mepion Kiorcbkoro mporokosry 2008—-2012 pp. (i masti
mo 2014 p.) Ykpaina Oyjia CBITOBUM JIiJIepoM 3a Kijib-
KICTIO TIPOEKTIB Ta a6COIOTHOI0 KUIBKICTIO CKOPOUEHb
BUKHUAIB 3a MexaHizmoM CmisbHoro BupoBamkenus
(Crarta 6 Kiorcskoro mmpoTokosry) — oiibiie 600 3ape-
€CTPOBAHUX ITPOEKTIB, B cepemHboMy 120 min. T CO,/
pik ckopouenb BuknAiB CO, (BepudikoBaHIX IIPOEKTIB)
[3]. Takox YkpaiHa (uepes3 B3aeMOMII0 Mix ypPATAMU)
aKTHBHO OpaJia yuacts B peastisarii Crarri 17 — peauti-
ayroun CxeMy IIpAMUX eKOJIOTIUHUX (3eJIeHNX) IHBECTH-
M1, 110 JTajia MOYKJIUBICTh CKOPOTUTH 0JI3bK0 50 MJTH.
T CO, i samyunTn go 250 MH. €BpOo iIHBECTHIIIH.

Hapasi Ykpaina ¢ Croponoio Ilapuspkoi yromu
(3 2015 p.), AKA MICTATDH IIPAMI MeXaHI3MHU CKOPOUYEH-
Ha pukufiB CO, (Crarra 6), a TakoX ypaf BIPOBALKYe
Ha HAIll0HAJILHOMY PiBHI MeXaHi3M TOPTIiBJIi KBOTaMHU
o Crarri 6 ITapusekoi yromu. Tak y uepsri 2026 poxy
sarBepmxena ITocranosa KMY Ilpo peasisairiro ekcie-
PUMEHTAJIBHOTO IIPOEKTY I[0/I0 BUKOHAHHA OKPEMUX T10-
noskenb crarti 6 [Tapusekoi yrogu [4]. YV 2024-2025 pp.
oysu mignucani Memopanmgymu i3 IllBefiapiero (2022)
i fnowniero (2024) B pamkax crarti 6.2 [Tapusekoi yroau,
TepIli IpoeKTy i ckopodeHHA BUEMAIB CO, ouikyroTbcA
y 2026—2027 pp.

ITounnmarpun 3 2021 p. YacTKOBO BOPOBAIKEHI
BHYTPIIIIHI IHCTPYMEHTH CKOPOUYEHHA BUKHUIIB, TaKi
AK BHYTPIIIHA CUCTEMa TOPTiBJI BUKUAAMU (B 4acTH-
Hi BUMIpPIOBAHHA, 3BITHICTh Ta Bepu(iKaIlisa), mogaToK
Ha CO,. ¥ 2026 p. posnouaBcs MepInuii mepexigHuii
eran peajiisarfii MexaHi3My ITPUKOPIOHHOTO ByTJIele-
Boro xopuryBaHusa (Carbon Border Adjustment Mech-
anism CBAM). Takoxx HAABHI HeIIpPAMI 1HCTPYMEHTHU
IexapOoHisarii i KIriMaTuyHoro (piHaHCyBaHHA: cXeMa
3eJieHUX 00JIiralliii, eHeprocepsicHi KoMIIaHii, criBgi-
HAHCYBaHHA 3eJIEHUX IPOEKTIB yepes pidHi ypAmoBi
mporpamMu i (oHIH, ITiJIbroBe KPeIUTYBAHHA, ILIbO0-
Be (piHAHCYyBaHHS uepes QOHM meKapOoOHi3aIlii, TOIIO.
CropoUYeHHsA BUKUIB BiJI IIMX MEXaHI3MIB OI[IHIOIOTHCS
y miamazoni 20-50 M. T CO,/pik 3 2022 p. i morenep.
B Vkpaini goctymHi pisHOMaHITHI JOOPOBIJIBHI cHcTe-
Mu Toprieii Bukugamu ([{o0OpoBiIbHUN ByTJIEI[€BUHA
punok (Voluntary Carbon Market), Gold Standard),
€ OMUHWYHI IIPUKJIANN ITPOEKTIB (arpocexTop i JicoBe
TOCIIOZIaPCTBO), 1[0 CIIPUAE IIOCTYIIOBIH IeKkapOoHisarrii
1 MIABUINEHHIO KJIIMATUYHOI 6e3IIeKH.

Taxkum uuHOM, «KYMYJIATUBHUUN BHECOK» Y TJIO-
0ajpHY KiIiMaTuuHy Oesreky 3a mepiom 2008—-2026

02

(KioTchKuii IIPOTOKOJI 1 BCI 1HII MeXaHi3MH) 3 TOUKHU
30py abCOJTIOTHUX CKOPOYEHDb BUKHUIIB MOKHA OI[IHUTHU
ax 600-800 mua. T CO,-exB.

Miriramia (Mitigation), a6o npsaMi ckopoYeHHA
Bukuais CO,

Miriramia (moM’ gKIIeHHA) — Iie KOMILIEKC 3aX0MiB,
COIPAMOBAHUX Ha 3MEHIIIEeHHA 00CATIB BUKUIIB IIap-
nukoBux rasis (III') Ta 36inblIeHHa X TOTJIMHAHHA.
st Ykpaiuu 1ie o3HAYAE TIEPEXifT 10 HUBBKOBYTUIEI[EBOL
€HepPreTUKH, MiIBUIIEeHHA eHeproeeKTUBHOCTI, PO3BU-
TOK BifHOBJTIOBaHUX Mxepen eHeprii (BJLE) ta Brposa-
IHPKEeHHS [UPKYJISAPHOI eKOHOMIKN. SaKOH PO OCHOBHI
3acaau AepsKaBHOI KJiMaTudHol moaiTuku [5] dikcye
MUTh YEpaiHU — JOCATHEHHA KJIIMATUYHOI HeUTpaIb-
HocTi o 2050 poky. ITpomizkHa 11116 TIepembavae CKo-
POUYEHHSA BUKHU/IIB ITapHUKOBUX rasiB Ha 65% mo 2030 p.
nopiBHAHO 3 piBHeM 1990 poky. [{ocATHEHHA ITUX TOKA3-
HUKIB BUMAarae BIIPOBPKEHHA KOMILJIEKCHUX 3aXO/IiB
y HaACTyIIHUX cdepax:

* MopepHisaliii IpOMUCIOBOCTI (30KpeMa eHepreTUKH,
MeTaJIypriifHol, XiMi4HO1, BUPOOHUIITBO I[EMEHTY,
00PHUB) 13 3aMIII[eHHAM BUKOITHOTO MaJIiBa Ha eJIeK-
Tpudikaiio Ta 3eJeHUil BOJIeHb.

* PosBuTKy po3IoijieHol reHepariii Ta BiITHOBIIOBAHOL
€HEePTreTUKH.

e 30LIBIIEHHA IIJIOII JIiCiB Ta 3aXUCHUX HAaCAMKEeHb IJIA
npupoaHoro nornuHaHHA CO,-exB.

CxopoueHHS BUKHIIB € eJIEMEHTOM KJIiMAaTAYHOL
0esreku, AKUN MoKe OyTU KiJIBKICHO OI[iHEHO uepes
crkopouerHsa CO,, cMMeTPUYHO [0 KJTIMATHYHOTO PUBH-
Ky, CTIFKOCTi a00 afgamTaliiiiioi agarHocTti. YuM MeHIie
Bukuiie CO,, TUM HMKUYe KIIMaTUUYHI PU3UKH, a 3HA-
YUTL BUIIE KJIiMaTruuHa Oesneka. MiTiraiiga BusHaueHa
1 CHHXPOHI30BaHAa 3 HAI[IOHAJIBHO BUSHAYEHNM BHECKOM
(ECKO) Yxpaiuu, Hamionaapaumu mianamu (Hairio-
HaJbHUH IU1aH 3 ekoHoMmiku kiaimary (HITEK-2030),
Eneprocrpareria-2050, Hoposkusa kapra BIIE mo 2030,
ILnanom BigHOBIIEHHA YKpAiHU, TOIIO) TA IiIAME €BPO-
neficeroro cordy (€C) 3 mexap6owisarrii.. [I'sara mBuaka
orfiHka 3aBaaHoil mkoau Ta morped (RDNAS) [6] Bkasye
30UTKHU, TIOB’AI3aHi 13 CEKTOPAMH, III0 T€HEPYIOTh BUKHU-
mu CO, nHa piBHi 150 Miupa. go. (moTpe6u Ha BiTHOB-
nerusa — 90,6 mutpa. moir. (3 uux 70,8 MiIpa. — TUTBKH
Ha eJIeKTPOEHEPreTUKy)). 3a MaHUMU IPYyIu eKcIep-
TiB Initiative on Greenhouse Gas Accounting of War
(Climate Focus, Exomia Ta iH.), mogaTkoBl BUKUAU BU-
KJIIOYHO BiJT BIICBKOBHX Aill B YEKpAIHI B IEPiof JIOTUH
2022 — motuit 2025 caraynu 175 mus. T CO,, a 3a-
rajbHi MoB’As3aHi 36utkr — 10 57 mupa. mos. CIITA [7].

OcHOBHI iIHCTPYMEHTH MiTirariii, 110 BiXe BUKOPUCTO-
BYIOTHCA B YKpaiHi:

1) CBAM €C (3 2026): moniTopuHr, Bepudikaiia
Ta 3BITHICTH 1A 6 cekTopiB (cTasb, IleMeHT, Jo0puBa/
aMiauHi OPOAYKTH, aJIIOMiHiH, eJIeKTpoeHeprid, BO-
nmenn). OuikyBaHi BTpaTu 6es miii — 1-2 MJIpf. €Bpo/pikK;

2) Crarra 6 ITapusbkoi yrogu: IIpOeKTHI MeXaHis-
mu ta ITMO (o6min kBoramu — IIBeiinapisa, Amowis,
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Climate Market Club). 3a6esmneuye mmpame pinamucy-
BaHHA 1 3HIKEHHA KIIIMaTUYHUX PUSUKIB uepe3 00MiH
KBOTaMM Mix mIpoekTamu abo ypamamu. Ouikysare fo-
nmarkoBe (pinaucyBanaa — 0.5—1 mupa. €Bpo/pik;

3) IToparox ma CO,. BayTpimHiii iHCTpyMeHT cTH-
MyJ0BaHHA Aekapbouiszarii. IIpu piBHI momaTtky 30
€spo/r CO, (B 50 pas Bullle, Hix 3apas, aje CIIBCTABHO
i3 mimamu Ha ckopouenusa BukugiBa B CBAM i €spo-
MeChKOI0 CHCTEMOI0 TOPTIBJII BUKAIAMHY MTAPHUKOBUX
razis (ECTB)) Ta pedopmi agMiHiCTpyBaHHSA 1 PO3IIO-
[Ty ouiKyBaHe JomaTKoBe (piHaHcyBaHHA — 3—5 MJIpA,.
€Bpo/pik;

4) BHyTpimHA cucTeMa TOPriBJIi BUKUIAMU, JIIHKO-
BaHa 3 €ECTB. IIpu moompaioBaHHI 3aKOHOIAaBUO1 6a3u
ouikyBaue ¢inancyBanaa — 0.5—1 mipa. €Bpo/pik;

5) Iumri mexanHisMu (T0OGPOBIIBHI CHCTEMU TOPTIBIII,
cxema 3esenux obsirarmivi, ECKO, crniBdinamncyBanus
3eJIEHUX MPOEKTIiB, MJIbrOBe KPeIUTyBaHHSA, IiJb0BE
(inancyBauHA yepes (OHI AeKapOOHi3alii Ta 1HIImi).
OuikyBane ¢inancyBanusa — 0.2—0.5 mupa. €8po, B oc-
HOBHOMY Api6HOMAacHITa0HI IIPOEKTH JIA HACEJIeHHA
1 JTIOMOTOCIIOTAPCTB.

Posas ESG-3BiTHOCTI B MiTiramii

ESG-sBiTHicTs (Environmental, Social, Gover-
nance — Ha6ip CTaHOAPTIB OIAJIBHOCTI KOMITAHIT 1A
OIIIHKH ii CTAJIOT0 PO3BUTKY) € IHCTPYMEHTOM IIP030pO-
CTIi 3BITHOCTI [JIA 3aJIyYeHHA KJIIMaTUYHOro (hiHaHCY-
BaHHA. PiHAHCOBI iHCTUTYIIT, Takl AK CBpomEicbKU
6auk pexoHcTpykIii i possutky (EBRD), CeiToBuii 6aHK
(WB), Mizxkuaponua ¢inaucosa xopmopairis (IFC) aa-
IPOBAKYIOTh OLIIHKY ITPoeKTiB 3a ESG-kpurepiamu.
Ieit crangapT 3BITHOCTI MiCTUTD PO3IIIN aHAITIZY KITi-
MAaTUYHHUX PUSUKIB (KIJIbKiCHA TA AKICHA OIliHKA), 110
HAIIPAMY MOB'A3aHO 13 BIIMBOM TOT0 UM iHIIIOro 6i3-
Hecy Ha KJIiMaTHuJHy 0esnexy («BHECOK» y KJIiMaThy-
Hy 6e3rieky). Takum yumHOM 1A KJIIMATUYHOI Oe3IeKn
BIIPOBAKeHHsA cTaHmapTiB 3BiTHOCTI ESG € 6a3oBum
TPUHIIAIIOM KUTBKICHOTO BUSHAUEHHSA ITIOTOYHOTO CTAHY
KJIIMATAYHOI CTIAKOCTI 00’eKTiB Ta 0i3HeCIB, Ta AJIA I10-
JaJIBIIOr0 OTPUMAHHA (DiHAHCYBAaHHA HA BiTHOBJIEHHA
1 PEKOHCTPYKIIiI0, 8 TAKOK 3HIKEHHA KJIIMaTHIHUX

PHUBUKIB 1 BIPOBAIKEHHSA 3aXO0/IiB 31 CKOPOUEHHS BU-
kupis CO,,.

CaopaseniauBuii nepexin (Just Transition)
AK eJieMeHT MiTiramii. Ykpaina 30608’13a1acA rmos-
HICTIO BIAMOBUTHCA Bif BYTiJIA B eJIEKTpOreHeparii
1o 2035 poxky (migrBepmsxero B HITEK-2030, Exepre-
tuuniit Crparerii mo 2050, depsxaBHiil IILILOBIHM TPO-
rpaMi copaBemIMBOrO IePexXoay BYTiJILHUX PErioHiB
1o 2030 poxy — mocraroBa KMY Ne 711 Bim 2025 [8]).
IIporpama oxomioe 10 ByriibHUX perioHiB (6JIM3BKO
2,2 MJIH. JKUTEJIIB) 1 TTepeadayae MmocTyIrnoBe 3aKpPUTTA
JIep’KaBHUX IIAXT, IIePEHiATOTOBKY IIPAI[iBHUKIB, CTBO-
PeHHA HOBUX pob6ouunx micip y cexropi BIIE, BinGymoBy
1H(PACTPYKTypHU HA OCHOBI KPUTEPIiB CTIHKOCTI, pe-
KyJIBTUBAL] IIAXT i IPYHTY, IUBepCcUiKallii, pPO3BUTOK
€KBiBaJIEHTHOTO BUPOOHUIITBA eHepril Ha ocuoBi BJ/IE,
eHeproe(eKTUBHOCTI, 3HIKEHHA BYTJIEIIEBOTO CJIILY,
COITiaJIBHOI miaTpuMKY rpoman. CrpaBemyiuBuiil Iepexis
MTIBUIIYE 3MATHICTH CICTEMH OMTUPATHUCA KIIIMATUIHUM
puU3UKaM i Mae paMuii eekr ckopoueHb Bukumis CO,.

KinekicHa orinka macirraby KOMIIOHEHTIB MiTirarrii
1 38araJbHy OLIHKY PU3UKIB i BIUIUBIB Ha KJIIMaTHYHY
Oesneky mokasasi y Tads. 1.

Haii6inpm BaKIMBUMHU KOMIIOHEHTAMHU € MPAMI
CKOpOUeHHsA Ta MexaHiamu MoHeruaanii CO,, Axi ma-
IOTh TAKOK 1 HANOLIBII MYJIBTATLTIKAITIINHI eeKTH 11
E€KOHOMIKHN (KOMEPIHIHO OKYITHI IIPOEKTH).

Kouuenmia cuneprii mitiramii i aganramii

B renepimHiil yac Ykpaina mae HeoOXigHICTD pe-
aJrisaifii KJIiMaTUYHOI TOJITUKA B YMOBaX ITOBOEHHOT
BiIOyIOBU Ta €BPOiHTErparlii, HeoOXiTHO PO3TVIAAATHA
3ax0au MiTiraiii B KOMILJIEKC] 3 IHIITMMU KOMIIOHEHTaMU
kaiMaTuuHOl 6esnexu. Ile cTBopioe yHIKaIbHY cUTya-
i, KOJIM 3aMiCTh BiZIOyI0BU 3pYHMHOBAHUX 1HIYCTPi-
aJbHUX 00’€KTIB 34 CTAPUMU TEXHOJIOTIAMU, AeprKaBa
MOJKe IHBECTYBaTHU y «3eJIeHi» iIHHOBAIli1 Ta [TUPKYJIAPHY
€KOHOMIKY 1 OHOYACHO OTPUMATH e(PEeKTH AJIA PiI3HUX
KOMITOHEHTIB KJIIMaTUYHOI 0e3IeKN.

B uroMy KOHTEKCTI icHye acmeKT CHHeprii agamnra-
il Ta mitirarii. [cHy0oTh Tak 3BaHi KOMOiHOBaHI 3a-
XOIU, AKI OJJHOYACHO 3MEHINYIOTh BUKUAAMW (MiTiraris)

Tabnuys 1

Ouinka Mmacmraly iHBECTHIIH i BTPAT HA MITIramiro 3a KJII0OUOBHMH KOMIIOHEHTAM TAa BILIHB
HA KJIiMaTHUYHY 0e3IeKy

Brparu Big MyabpTHILTIKAi HHIA .
. .. | ImBecTHIii . . . Bruine Ha KJri-
KoMmnionenT kinimMaTuuHoOl 0e3xisIbHOCTIL e(eKTH IJI €eKOHOMI-
Ne mo 2050 p., MaTH4HY 6e3-
Oesmnexu T Ceoo | *° 2050 p., muxpa. | xu mo 2050 p., mupgn,. Hex
pa. ©Bp €Bpo €Bpo** Yy
1 | Mirirais, CKOPOUEHHSA BUKU- 10...25 20...40 25...50 Bucoxwuii
mis I, B T.4.
1.1 |IIpami cKOpoUYeHHS BUKHULIIB 10...15 15...20 10...15 Bucoxwnii
1.2 | Mexanizmu moneTtusaii CO, 3...5 10...15 25...30 Bucoxnii
1.3 |ESG 3BiTHIiCTb, MOHITOPHHT, 2...5 .5 5...10 Cepenmiit
3BITHICTH, BepUQIKaIlia
1.4 |Just transition 5...10 .10 5...10 CepenHiit
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Tabnuys 2

ITopiBHANBLHUI AHAJII3 OCHOBHUX I'Pyll KOMOiHOBAaHHX 3aX04iB MiTiramii Ta aganranii B Ykpaiui

Texuomorisa /

SxicHa cunepria (Miriranifiaui

KinekicHi imgukaTo-
pu, Ilorenuian mus

Puzuku Ta oOMeKkeHHA
(zoxpema iLUC (Indirect
Land Use Change — (ue-

3 6iomacwu, 6ioMeTany,
Giorazy

YTUTi3aIliA BiIXOIiB arponpoMUCIIOBOTO
KOHKYPCY, BUPOOHUIITBO 3€JIEHOT'0 BOIHIO
(mornmuuannsa CO,)

A: Oprauiunuii qurecTar BiHOBJIIOE TYMYC
I'PYHTY, IIiABUIIYIOYH HOr'0 BOJIOIOYTPU-
MYIOUy 30ATHICTB ITi] 94aC OCYyXH, 3MEH-
yeTbeA e)eKT Bijl eKCTPEeMAaJIbHUX ABUII]
[IPH IIOTPATUIAHHI BiXOIiB B BOAW/TPYHT.

3axi (M) + Apanramiiaui edpexru (A)) .. . .
a . b Yxpaiuu IpSAMi 3MiHH Y 3€MJIEKO-
pucCTyBaHHIi))
Bupo6uunrso eneprii || M: 3aMinmieHHA BUKONHOT0 HmaJinBa, | [loreHiar: Bucoka morpeba B iHBeCTHITIAX,

Biomaca: mo 20 MTHe/pik
Bioras/6iomeran: 20—
25 mutpa. um3/pik. Cropo-
yeHHA BUKUAiB: 1.3...2.5 T
CO,-exs./THe (3amimeny)

cucremu I[ICO i cyGeupmiii, HeBU-
KOHAHHA KPUTEPIiB CTIHKOCTI

ArpoexoJsioriuHi
npakruku (No-Till,
Strip-Till, kpanessHe
3POLIEHHA, TOUHE 3eM-
J1€PO6CTBO, BUBEAEHHSA
CTIAKHX COPTIB, TOII0)

M: [lertoHyBaHHA BYIVIEIIO B I'PYHTi, 3MeH-
[IEHHS BUTPAT AU3NAJINBA, SMEHIIeHHS
€HEePTOCIIOKUBAHHA Ha iHppacTpyKTypi
A: 3ano6iranHA BiTPOBIil Ta BOHI €poaii,
30epesKeHHA IPYHTOBOI BOJIOT B YMOBaXxX
nmedinuTy onasis

36iIbIIeHHA BMICTY opra-
HIYHOT'0 BYIJIEIIO B I'PyH-
Ti Ha 0.1-0.3% 1mopiuHo.
Exonomia manusa: 20—
50% (20-40 siTpis/ra).
CKOpoUYeHHS BUKU/IIB
0.5...1 T CO,-exB./THE
(3amimeHoro mmajgusa)

TTouaTkoBe 3HUKEHHA BPOKALi-
HOCTI y TIepIIIi POKH, IpobiieMu
kBauTi(ikarii mepcoHasry, mpo-
0J1eMH 3 KPUTEPIAMU CTIHKOCTI,
BeJINKI 1HBECTHIIi1, HEOOXITHICTh
3aKYITiBJIi CIIELITEXHIKU, BUOY-
JIOBYBaHHSA CKJIQTHOI CHCTEMU
MOHITOPHHTY,

Enepreruuni KyJib-
TYPH, IIPOEKTHU 3ATIO0-
6iranna iLUC

M: 3abesneueHHs cTaI0r0 MOCTAYAHHA
OiomaJsimBa 3 MiHIMaJIBHUM BYIVIELIEBUM
CJTIZIOM.

A: BupomyBanHs Ha gerpajgoBaHux/Ma-
JIOPOIOUUX 3eMJIAX, CTA0LITI3aIlis 3CYBIB,
BiTHOBJIEHHSA 010PiI3HOMAHITTA.

ITorenttias o B Ykpa-
Hi: 10 2—-3 MUTH. Ta Mapri-
HaJIbHUX 3eMeJib. [lormu-
nHauHa: 10-20 T CO,-exs./
ra/pik (MicKaHTyc, eHep-
reTuyHa Bepba, TOMOJIA).

Heo0ximHicTb cyBOpOTO CEPTH-
(iramiitaoro kouTposto (ISCC).

Mama Ta Mikpo-
rimpoeHepreruka (pyc-
s08i I'EC)

M: I'enepatiist UncTOI BiTHOBIIIOBAHOT €JIEK-
TPOEeHeprii 3 HUBBKUM BYIJIEIIEBUM CJIIOM.
A: JlokasbHe peryJiloBaHHS IaBOAKIB,
CTBOPEHHA pe3epByapiB IIPiCHOI BOIU JIJIA
IIOCYIIUTMBUX IT€PiOfiB.

Cropouenusa 0.4-0.6 T
CO,-exs./MBT-ron 3abes-
eYeHHA aBTOHOMHOCTIL
rpomap. IlignBunienusa
CTIAKOCTi 40 ITaBOIKIB

Pusuk nopyiieHHA pidKOBUX
€KO0CHCTeM, 3aMyJIEHH:A PyceJ;
BHCOKA 3aJIEJKHICTD Bif] C€30H-
HOT0 O0OMUTIHHA PiYOK.

Ta MABUIIYIOTH CTIAKICTh €KOCHUCTEM YU 1H(PPaCTPYK-
Typu (amanrarris).

Humxue B Tabnuili 2 HaBeIeHO OITIHKY 3 AKICHUMU
Ta KUTBKICHUMY TTOKa3HUKaMH JIA YMOB YKpAIHU, 010
CHUHEPreTUYHOT0 e()eKTy OCHOBHUX I'PYI 3aXO0[IB MiTi-
rarrii i agamrari.

I'pymniu 3axofiB, 3BiCHO, He 00MEXKYIOThCSA ITPENCTaB-
JIeHUMM, ajie TaKa OI[iIHOUHAa MaTPUIlA MOKe OyTHU poa-
pobJieHA /1A BCiX KOMIIOHEHTIB KJIIMATUYHOI 0e3IIeKn
B KOMILJIIEKCI, [0 MOKe HaaaJli 0yTH BUKOPUCTAHO 1A
KLUIBKICHUX OIIIHOK B ITporieci po3po6ku KoHIemnmii kiri-
MaTu4uHOI 6e3reKn YKpaiHu.

BucuoBku i pekomMengarii
1) CroopauHyBaTH qep:kaBHy IMOJIITUKY ¥ cdepi KJri-
MaTUYHOI 6e3MeKH uepes CTBOPEHHS €IMHOI0 KOOpIrHA-
itiHoro oprany, Odicy kmiMaTuyHOl 6e3HeKH, 3 YiTKO
BU3HAUYEHUMU TOBHOBAKEHHAMU.

o4

2) Pospoburu KoHien(iro K1iMaTU4YHOl 6e3meKu
AK OKpeMUIl iHTerpoBaHUM MOKYMEHT, IO IT0B’AXKe
eHepreTuuYHe, KJIiMaTAYHE TA BifiCbKOBE ILJIAHYBaHHS,
BpaxyBaTy CHHEePTreTUUHI e(DeKTH Bijl 3aX0/IiB MiTirarfii
Ta afanTarii.

3) JomoBHUTHU cTpaTeriuHi JOKYMEeHTU YKpaiHu,
taki axk HITEK-2030, Eneprerununa crparerisa-2050,
Harionanwra 6esmnexosa crpareris, [lnad BigHOBIEHHA
Yxpaiuu, Ta iHIIIl [10B’sA3aHI HOBUM 0KPEMHUM PO3ILI0M
«Kmimarnuna 6esmeka». [arerpysaru mouartsa «Kirima-
THuHA Oesnera» y 3Y «I[Ipo ocHOBHI 3acagu aep:KaBHOI
KJIIMATUYHOI ITOJIITUKI>.

4) ITependaunTy KOOPOUHAIIIIO 3aX0/IiB 1 ITPIOPUTET-
He (iHAHCYBAHHA THX, II0 MAIOTh eQEeKT 1 [AJIA agarra-
mii 1 1A MiTirarii B IpoIieci CIipaBeqjInBoOT0 IEePEeXOay

5) O6oB’saskoBa ESG-3BiTHICTS 1715 Gi3HECy SK KJIO-
YOBUI €JIEMEHT OTPUMAHHA (PiHAHCYBaHHA Bl MixKHA-
pomuux (oHTIB 1 moHOopPiB 1 PoHIY KIIMATHUHOI OE3ITeKH.
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AHoTauis. [laHy poboTy Np1CBAYEHO aHA/3y 3aKOHOMIPHOCTEN BIIMBY CTPYMEHeBO20 OXONOGKEHHS Ha TeMnepaTypHuii

pexum b6aeaToLapoBoi cMcTeMu «MOKPUTTS-NIGLIAP-OCHOBA».

KniouoBi crosa: Temneparypa, 0XoN10gxKeHHs, CMCTeMa «MOKPUTTS-MIgLIapP-0CHOBA».

Summary. This work is devoted to the analysis of the regularities of influence of jet cooling on the temperature regime of the

multilayer “coating-sublayer-base” system.

Key words: temperature, cooling, multilayer ‘coating-sublayer-base” system.

IIpI/I peaJtizaiiii IJIa3MOBO-IyTOBOT'0 CII0CO0Y HaHe-
CEHHS TTOKPUTTIB JOCTATHRO IUPOKE 3aCTOCYBAHHSA
3HAXO[IUTH CTPYMEHEBE OXOJIOPKEHHA 00p0o0II0BAHUX
Ierasieil. JlaHe 0X0JIOKeHHA 3amo0irae neperpisy Bu-
po0y Ta OKMCJIEHHIO BiacHe MOKpUTTA. KpiM Toro BoHo
CITY’KUTB IJIA yCYHEeHHA He0e3ITeKn KOPoOJIEHHA B yMOBaX
IOCTAaTHBO HEBEJIMKUX PO3MipiB HAITMJIIOBAHUX JIeTAJIEH
1 I0CTaTHRO 3HAYHUX TOBIIWH HATIMIIOBAHUX TTIOKPUTTIB
(6ipmr 0,5-1073...1-107®). fk oxosomzKyroUi areHTH a ga-
Hiif po00Ti BUKOPUCTOBYIOTHCA Pi3HI rasu (CTUCHYTHH
ras, aproH, a3oT, ByIieleBuii ra3) Ta Boaa [1-8].

Hana po6oTa npucBAYeHa HAJI3y 3aKOHOMIPHOCTEMH
BILUTUBY CTPYMEHEBOTO OXOJIOJPKEHHA Ha TeMIlepaTyp-
HUH PesKUM TOCIITKyBaHOI 6araTomapoBoi CUCTEMU.
Posrisimanucs curyartii, 110 BigIIoBia0Th PI3HUM yMO-
BaM OXOJIOI;KEHHA Ha BEPXHIN Ta HIKHIA 00MeKyI0UX
TIOBEPXHAX AOCITIKYBaHOT0 00’ ekTy. JocaimKyoTbes
YMOBH, SKI BIIIOBIAAaIOTh BiICYTHOCTI Ta HAABHOCTL
CITeITiaJIbHOTO OXOJIOPKeHHSA CHUcTeMU. B ocTaHHBOMY
BUIIAJIKy POSIJIAAY MiIJIATAJINA TaKl BapiaHTU 0X0JIO-
JKeHHA: 1 — creliajibHe 0XOJIOMKEeHHA TOBITPAM a60
BOJIOI0 BUTBHOI ITOBEPXHI MIOKPUTTHA; 2 — OXOJIOIKEHHA
BOMO0 TiJIBKY BLJIbHOI TIOBEPXHI OCHOBU; 3 — CITLJIbHE
OXOJIO/TPKEHHSA BOMO0I0 BIJIBHUX MOBEPXOHb ITOKPUTTS
Ta OCHOBH.

Ha pucynkax 1, 2 Ta 3 HaBegeHO XapakTepHi gaHi
OTPUMAHUX UKCEJIbHUX PillleHb 32 HACTYITHUX 3HAUEHb
BUXITHUX IIapaMeTpiB: x, = 2,56; 6e3po3aMipHa TOBIIMHA

migmapy A, = 0,0085; ToBITMHA OIMHOYHOTO HIAPY T10-
kputta A, = 0,00425; Pe = 129,6. Inmri Buxinni gaxi
HaBseneHo B Tadsum 1.

3TiIHO 3 OTPUMAHUMU JAHUMU CTPYMEHEBO HIOBITPS-
He 0XOJIOyKEeHHA B YMOBAX, 1[0 PO3MVIAIAITHCA MaJjioe-
(hexruBHE. A BOMISIHE K 0XOJIOMKEHHSA T03BOJISE B IILIIOMY
CYTT€BO 3MEHIITUTH TEMIIEPATYPHI PiBHI ITOKPUTTA, AK
nokazano ua puc. 1. Tyt 6 = 0 / 075% e O72% — max-
cuMaJIbHa 6e3po3MipHa TeMIlepaTypa IpU BiICyTHOCTI
cIIeIiaJIbHOT0 OXOJIOMMKEHHA cucTeMu. BimMinHocTi
TEeMIIepaTyp, AKl BiAMOBIAAIOTH BiICYyTHOCTI 1 HAABHO-
CTi CIIeI[iaJIbHOTO OXOJIOJPKEHHSA IIOBEPXHI MOKPUTTA
noBiTpAM, He mepeBunly0Ths 0,0172, 3HIKEHHIO TEM-
mepaTypu 3a paxyHOK BOJSTHOTO OXOJIOPKEHHSA T0CATAE
0,145. dx BuaHO, BIJIUB OXOJIOMKEHHSA JIOKAJII3YETHCA
B 30HI IMPUJIETJIiil 0 moBepxHi Terutomiasomy. Ilo mipi
BiiTaJIeHHA BiJl IIOBEPXHI TEILIOIIIBOIY PO30iKHICTD
MOPIBHIOBAHUX TEMIIepaTyp 3MEHIIYeTbCs, TaK 10 Ha
HIKHIH TOBEPXHI CUCTEMU BOHU BUABJIAIOTHLCA He3HAU-
HuMH. B curyarrii, mo aHaJIi3y€eThCA CIIOCTEPIraeThCA
IIPOSIB e(PeKTy PerioHATBHOI0 BIIUBY IPAHUYHUX YMOB
TPETHOT'0 POAY HA MOBEPXHI TEILIOIIIBOMY.

SYyOUHUMOCH Ha PO3IJIAAL 3aKOHOMiPHOCTEH BILJIUBY
YMOB 0XOJIO[I?KEHHSA Ha BiJIbHIN moBepxHi ocHOBU. Oco-
06siMBa yBara IIpUALIAETbCA IIOPIBHAJILHOMY aHAJIi3y
IaHUX, 10 BiAMOBIAAI0Th PI3HUM TOBIIWHAM OCHOBU
8,. Ha puc. 2a) HaBefieHO pe3yJILTaTH, 10 BiJHOCATBCA
0 cUTyallii, KoJu ToBIIKHA ocHOBH §, = 0,34 Ha puc. 2

Tabnuysa 1
BapiaunTu pozpaxyHkKiB
Ne BapianTy | XapaKTepHCTHKA YMOB OXOJIOI:KEHHS Bi ,10-3 Biv ,10-3 ToBmuHA OCHOBH A,
1 BigcyTHicTb CIIeIiasbHoro 0X0I0mKeHHA 5,95 5,96 0,34
2 CrrerfiajibHe 0XOJIOMKEHHSA ITOBITPAM BLIBHOI 149 5,96 0,4
II0BEPXHI1 IIOKPUTTSA
3 OX0JIOPKEHHA BOIOI0 BLIBLHOI IIOBEPXHI 1490 5,96 0,34
TIIOKPUTTA
4 CrertiajibHe 0X0JIOyKeHHS ITOBITPAM BLJIBHOI 5,96 149 0,34
TOBEPXHI ITOKPUTTA
5 OX0/10MKeHHA BOIOI0 BLILHOI IIOBEPXHI 5,96 1490 0,34
HOKPUTTA
6 CywMicHe 0X0JIOMKEeHHSA BOIOI0 BLJILHOI I10- 1490 1490 0,34
BEPXHI IIOKPUTTS T OCHOBU
7 BigcyTHicTh cIieriasbHoro 0X0I0KeHHA 5,96 5,96 0,34
8 OX0JIOPKEHHA BOIOI0 BLIBLHOI IIOBEPXHI 5,96 1490 0,34
OCHOBU
9 CyMicHe 0XO0JIO[IPKeHHSA BOIOI0 BiJIBHOI 110~ 1490 1490 0,34
BEPXHi MIOKPUTTSA Ta OCHOBU
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-3 -2 -1 0 1z

Puc. 1. Posmoais 6e3poamipHoi TemriepaTypu 0°
BB3JIOBK OCi 2 B IIIAPOBO-HEOHOPIHIN CHCTEMI
«OTHOIIIAPOBE MOKPUTTA-IIIAIIAP-0CHOBA>
[IJ1A Pi3HUX YMOB OXOJIOKEHHA BiJIBHOI ITOBEPXHI
TMOKPUTTA: 1 — BiZICyTHICTH CHEITiaJIbHOTO OXOJIOMKEeHHA,
Bi_ =5,96-10"3%; 2 — crieriajibHe 0XO0JIOMMEHHSA ITOBITPAM
Biyo =0,149; 3 — CIIEI.Fia.TIbHe OXOJIO[IFKEeHHSA BOJIOI0,
Bi =149

Yo

10
0

0,05 0,1 0,15 ¥

a)

6) — &8, = 0,17. fIx BusHO i3 3icTaBneHHA puc. 2a) Ta 6)
yuM Giipllla TOBIIMHA OCHOBHU § , TUM MeHII mpu i:{-
KX PIBHUX yMOBaxX BIAXWJIEHHs TeMmieparyp Af .
Ty'r AOZ =A0, /AD,,, e AO=6_ -6, e 0, 0 —
BIJITIOBITHO TeMIepaTypu CUCTEMHU IIPUA BifICyTHOCTL
Ta HAABHOCTI CIELiaJLHOTO0 0X0JIomKeHHA. EdekT 3HU-
JKeHHSA TeMIepaTypu MOB'A3aHUN 3 BOAAHUM 0X0JIO-
IKEeHHAM OCHOBU BUABJISAETHCA OiJIbII CyTTEBUM MPU
Manux 3HadeHHAX § . Tak B Touli 3 KoopguHaTaMu
x =0,z =-3,075, posraioBaHiii Ha HIKHI ITOBEPXHI
CUCTEeMU, BKa3aHe 3HMKEHHA TeEMIIepaTypu AG: CKJIa-
nae 0,0382 mpu §, = 0,34 i nocarae 0,137 mpu §, = 0,17.
B Bumapxy mocTaTHBO BEJIMKOI TOBITMHY §, BIUIUB yMOB
OXOJIO?KEHHA OCHOBU JIOKAJII3y€ThCA MOOJIN3Y 11 HILK-
HBOI ITOBEPXHi, a IIPY MaJIuX TOBIIMHAX §, BIUIMB Bo-
ISTHOTO OXOJIOMPKEHHSA OCHOBU MOMITHO ITO3HAYAETHCA
110 BClI 11 TOBIIHHI.

I3 mpoBemeHoro aHasisy ciiaye, 1110 B yMOBaX raso-
TePMIUHOT0 HATIMJIEHHSA BOAHE 0X0JI0IKeHHA BiITHHOI
TI0OBEPXHI 0CHOBU BUABJIAETHCA NOCTATHRO e()eKTUBHUM
B IUIaHi 3a0e3neueHHs HeoOXiTHOTO TeMIIepPaTypHOTo
PeKUMy BJIacHE TMOKPUTTSA JIUIE TPU BiHOCHO HEBe-
JIMKUX TOBIIMHAX OCHOBU.

IlepeiimeMo [0 poO3TJIAAY 0COOJHMBOCTEH BILJIUBY
Ha TEIUIOBUH CTAH CUCTEMHU CITIJIBHOTO OXOJIOMKEeHHSA
BOJI0IO TI BEPXHBOI Ta HUKHBOI IToBepxHi. [11d 3’acyBan-
HA crerudiku [[50T0 BIIUBY JOLIJIBHUM € 3iCTaBIeHHA
OTPUMAaHMX JAHUX 3 BIAMIOBIIHUMU Pe3yIbTaTaMu, SKi
BIZITIOBIAAI0Th OXOJIOMYKEHHIO JIMIIIE BIJILHOI IIOBEPXHI
OCHOBH. 3TiJTHO 3 OTPUMAHUMHU PE3yILTATAMU, SHIKEH-
HA TeMmneparypu o0yMOBJI€HE CITIIBHUM OXOJIOIKEeH-
HAM, BUABIAETHCA 3HAUHO OIJIBIINM 32 BEJIMUNHOIO

|
Abz,103
32 —Y

y LN\

/
iy 3 ///
7

EES

/

_—-_.-:-—-4"‘“/

0 01 0,2

0,3y

0)

Puc. 2. 3anexuicTs AO(;L = f(y) B cucremi «ogHOIIAPOBE MOKPUTTA-IIANIAP-0CHOBA» IJIA 2 = —3,075 32 YMOB CIIeI[iaJbLHOT0

oxoJIomxeHHA Boxoo ( Bi

= 1,49) BinbHOI moBepxHi ocHoBu: 1—x = 0; 2—x = 0,53; 3 —x = 0,85;

4"x=1,12;2) mpu A, = 0,34; 6) mpu A, = 0,17
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3 ] 1 HIJK Y BUIIAAKY OXOJIO;KEHHSA TLILKU BLILHOI ITOBEPXHI
200 {0(1910 1 ocuoBu. Hampukiam, B Tourri 3 KOO.p,'D;I/IHaTaMI/.I x=0,
1 ; z =-3,075, aka 3HAXOIUTE HA BEpXHIl IOBEPXHI CUCTe-
\ MU, BeJTIINHA Ae = 0,246 B yMOBax CIIiJIbHOT'O 0X0JIO-
Q / IKEeHHA 1 AG =0, 137 IIPU OXOJIOM;KEHHI JIUIIe HIKHBOI

160 % TOBEPXHi OCHOBI/I

2 \\ Hpenc'raBnﬂe TaKOXK iHTepec TaKOX Te, 10 IIPpu
. t\ e OJHOCTOPOHHBOMY Ta ABOCTOPOHHBOMY OXOJIOJ_IDKeHHi
120 N \\

XapakTep BIUIHBY YMOB OXOJIO?K€HHA IT0 BHCOTi CHC-
\ \ / CTOPOHHBOTO OXOJIO/KEHHSA MaKCHMaIbHe SHIKeHHs
\ -
4 -
L~

TeMHU € TIPUHITUIIOBO PisHUM. A caMme, y BUITAIKY OIHO-
TeMIlepaTypu AG peaJtidyeTbcA Ha IOBEPXHI, 110 0X0-

JIOJPKY€EThCA, 3 BlI_I)IaJIeHHHM Bifg Hel BeJMuumHA AG

80

‘7 NN - BMEHIIIYETbCA. To6To Mae Micite MOHOTOHHA 3MiHA .Be{m-

40 [ —— _-T" \-~ yrHU AO, B3MOBK KOOPIMHATH Y (TUB IyHKTUPHI JIiHii

o eAm— 4= N\ .-~ Ha puc. 3). B YMOBAX J[BOCTOPOHHBOTO OXOJIOMKEHHHA

e "':__ e S el I - sanexHicTb A = f(y) mae ekcTpeMaIbHUN XapaKTep.

D :;*' - =TT ITpu npomy HANMEHIIT SHAYCHHS BiTMIHHOCTei TeMTe-

paryp AG CITOCTEPITal0OTHLCA B IIEHTPAJIbHI 110 TOBIIH-

0 0,05 0,1 0,15 y Hi ‘{aCTI/IHI/I cucreMu (CyIiibHI JTiHIT HA PUCYHKY 3).

OueBuAHO, OMMCaHA KapTUHA ITOBEIIHKN BEJIMUNHU

Puc. 3. 3anexHicTb AO: = f(y) B cucremi «ogHOIIAPOBE AGZ OesmocepeHbo MMOB’A3aHA 3 TEHISHIIAMU, AKi 3y-

HOKPUTTA-Tmap-ocHoBa» mpu A, = 0,17 gia z = —2,05: MOBJIEHI e(heKTaMU PETriOHAJIBHOTO BIUIUBY T'PAHUYHUX

1-x=0;2-x=0,53; 3—x=0,85;4—x = 1,12; nyHKTHUpPHA YMOB TPETHOTO POy Ha BLIBHUX IOBEPXHAX IIOKPUTTA
(IrTprxoBa) JIiHIA — 0XO0JIOIKEHHA BOMO0 TLIBLKY BLIBLHOT Ta OCHOBH.

TIOBEPXHI OCHOBU Biy = 1,49; cymisipHa JIiHiA — cyMicHe
0 . . .
OXOJIO[I?KEHHSA BOIOI0 BLIIBHOI IOBEPXHI ITOKPUTTA 1 OCHOBH,
Bi_ =Bi_ =149
Yo b1

JOIJATKOBA IHOOPMAIIIA
BHECOK ABTOPIB: Yci aBTopu 3po0uIv BHECOK ITOPiBHY.
DOIHAHCYBAHHS: AsTopu He oTpuMyBaau (DiHAHCYBAHHA AJIS IIHOTO TOCIiKeHHA.
3AABA ITPO JOCTYIIHICTB JAHMX: He 3acT0COBYETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asBIAI0TD IIPO BiCYTHICTb KOHPJIIKTY iHTEepecis.
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AHAJNIITUYMHE NOPIBHAHHSA CTPATETIN
JIHUBOI'O TA HETEPNNAYOIO BIAHOBJIEHHA
Y PO3NO4INEHUX CXOBULLAX

ANALYTICAL COMPARISON OF LAZY AND
EAGER REPAIR IN DISTRIBUTED STORAGE

AHoTauif. Po3nogineHi cxoBuLa 3 HAGAMLLIKOBUM KOGQYBAHHAM MOTPebyIoTb cTpaTezii BigHOBAEHHS GI0KIB nicas BigMOB
By3/iB. HeTepnisiue BigHoBeHHs (ER) 3amycKaeTbCsl He2auHo, NiHnBe (LR) Bigkagae peMOHT go KpUTUYHOR0 MOpoRY, 3agaryn
KOMMIPOMIC MiXK HagisHICTIO Ta BUTPATAMM MPONYCKHOI 3gaTHOCTI. 3amponoHOBAHO MAPKiBCbKY MOgesb 000X CTpaTeziii; BuBe-
geHo BUpasm gisl IMOBIPHOCTI BTPATY JAHMX | BATPAT HA BIGHOB/IEHHS TA 3AMKHEHY YMOBY nepexogy A%, L0 BU3HAYAE Mexy
goUi/IbHOCTI IIHNBO20 BIGHOB/ICHHS.

Knrouosi cnosa: posnoginexi cxoBuLd, HAGMILKOBE KOGYBAHHS, IHWUBE BiGHOB/IEHHS, HeTeprisiue BigHOBIEHHS, IAHLII02M
MapkoBa, MMOBIPHICTb BTPATH GAHMX, BUTPATU HA BiGHOB/ICHHS.

Summary. Distributed storage systems with erasure coding require a strategy for repairing blocks after node failures. Eager
repair (ER) starts immediately; lazy repair (LR) defers repair until a critical threshold, trading a wider vulnerability window for
bandwidth savings. We propose a Markov model that formalizes both strategies and derive expressions for the data loss prob-
ability, repair costs, and a closed-form transition condition L* that determines when lazy repair is appropriate.

Key words: distributed storage, erasure coding, lazy repair, eager repair, Markov chains, data loss probability, repair bandwidth.

cryn. CyyacHi JereHTpaidoBaHi CXOBHUIIA —
Filecoin, Codex, Walrus — BUKOpHUCTOBYIOTEH HAI-
JIMIIIKOBe KomyBaHHA (erasure coding) ojist 3aXUCTY BifT
BigMoB By3JtiB [1]. ¥V cxemi (n, k) 06’ekT po3buBaeTbCA
Ha n OJIOKIB, 1 OJIA H0r0 BiHOBJIEHHA JOCTATHBLO OYIb-
Axux k < n 3 uux. [Ipu BimMoOBI BysJia cucremMa BTpavae

0JI0K, 3BMEHIITYIOUH 3arac HaQJIUIITKOBOCTI. Ko q0 Ha-
CTYIIHOTO BiTHOBJIEHHA Bifg0ymeTncs 1ie n —k BiaMoB,
JIaHi BTPavanThcA 6€3I0BOPOTHO.

KnwouoBe mpoekTHe pinieHHA — Koiu 3amyckKa-
tu BimHoBieHHA. Crpareria ER ycyBae medinur He-
raiiHO MiCJIA KOXKHOI BIZTMOBU, IMIATPUMYIOUU ITOBHY

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org /licenses /by [4.0/)
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HaQJIUIIKOBICTD, ajie TeHepye MOCTINHUI PeMOHTHUMN
tpadik. Crpareria LR Bigxiamae BiqHOBIEHHS 0 MO-
MEHTY, KOJIU KiJIbKICTh HAasABHUX OJIOKIB JOCATaE KpU-
TUYHOTO rTopory § abo MuHae yacoBwuii rimit D, 3HIKY-
I0YM BUTPATHU IIPOMYCKHOI 3aTHOCTI I[IHOIO IIMPIIOTO
BiKHA BPasJINBOCTI.

Cucremu Walrus i Codex mexiapyioTh BUKOPUCTAH-
HA LR [2], mpoTe He HamaTh aHAIITHYHOTO OOI'PYH-
TyBaHHA YMOB HOT0 JOIIJIBHOCTI. ICHYI0Ui TeopeTHuHi
Ppo0OTH aHAaITI3yIOTh HAMIHHICTD PO3MOIIJIEHUX CXOBHUIIT
yepes Jsanooru Mapxkosa [3], ane He mopiBHIOIOTE LR
ta ER y equniit hopmasnbHiii pamiii.

Buecku wiei po6oru: €nrna MapKiBCbKa MO
mia ER ta LR i3 saranpaumu mapamerpamu A, D, n,
k. — Ananitnunnit Bupas ayia P_loss Ta mopiBHANBHUI
anaJtis B_repair gjia 060x cTpareriil. — SaMKHeHa yMo-
Ba mepexoay A¥, 1110 BusHauae Mexy goriisaocti LR.

AnajriTHuHa MogeIb
Mopess cucTeMu

Poariisimaemo omuH 00°€KT, 3aK0I0BAHMM y cxeMi (1,
k): n 6i0KiB, MiHIMYM k s mexomyBanHA. CtaH cuc-
Temu s € {k,k+1, ..., n} — KUIbKiCTh HAABHUX GJIOKIB.
BigMmoBu 0JI0KiB HesaJiexkHI; KOKeH 0JIOK BIZIMOBJIAE
31 mBUAKicTIO A. BimHoBieHHA ogHOro O0JIOKY 3aiiMae
Jac, po3MoILIeHNI eKCIIOHEHITIIHO 3 cepemaHiM f_r (Me-
peskxeBa mepemaua + samuc), i = 1/t_r.

Crau BTpaTH: s = £ — 1 — mormMHaounii cTaH,
3 AKOI'0 BiTHOBJICHHA HEMOKJINBE.

Herepruisiue Bignosinenus (ER)

IIpu ER BimHOBJIEHHA MOYMHAETHCA HETaHO Iic-
JI K03kHOI BimMoBu. CrcreMa MOBOOUTHCA AK JIAHITIOT
HapOmpKeHHA-3arnbesi 3i cranamu {&, ..., n}:
¢ [Iepexing s > s — 1 (BigMoBa): MIBUOKICTb G_S = S - A
¢ [Iepexin s = s + 1 (BigHOBIEHHSA, S < n): MBUIKICTH

wER=1/t_r

VIMOBipHiCTh BTpaTy BUSHAYAETHCA AK IEPIIOIPO-
XiHa HMOBIPHICTD MOCATHEHHSA cTaHy £ - 1 Mo moBep-
HenHs 10 crauy n [3]. IIpu u_ER >> A Brpara Bumarae
n — k TOCIIIOBHUX BIIMOB [0 MEPIIOT0 3aBEPIIeHHA
PEMOHTY. I7IMOBipHiCTL BIIMOBHU JI0 PEMOHTY y CTaHi S
cranoBuUTh s-A / (s:A + p_ER) = s-A/ p_ER. Ilepemno-
’KHBIIIH 110 BCiX cTaHax Bifg n fo k + 1, orpumyemo dop-
myJry (1):

n
s-A _nl!

n-k
ER A
Ploss ~ - E : [ (1)
s=k+1 HER * \Mer

OuikyBaHi BUuTpaTu Ha BifHOBJIeHHA: B_repair "ER
~ n-A-B_block 3a ogunuiio uacy, me B_block — posmip
omuoro 6;10ky. [Ipu p_ER >> A cucreMa mepeBaHo Iie-
pebyBae y cTaHi n, TOMY 4acToTa PEMOHTIB ITPUOJIN3HO
IIOPiBHIOE 7-A.

Jlinuse BignoBiaenusa (LR)

IIpu LR BimHOBJIEHHS He 3aIlyCKAETHCHA, TIOKU S >
§ =k + 1. Konu s mocarae §, cucrema uekae D oquHUIb

/2

yacy Iepe IIoYaTKoOM BiTHOBJIeHHA. BimmoBiaHO, BIKHO
BPa3JIMBOCTI MizK BXOOM y cTaH § i 3aBepIiieHHAM Bifl-
HOBJICHHA cTAaHOBUTHL D + ¢_r.

Y crani s =k + 1 cucrema mepebyBae mepes eqUHIM
KPOKOM 10 BTpaTi. VIMOBipHICTS BTPATH 06UMCIIIOETHCS
AK UIMOBIPHICTB TOTO, IIT0 HACTYITHA BiIMOBA Bil0yIeTh-
cA paHile, HizK 3aBePITUTLCA BiTHOBIEHHSA, BiIITOBITHO
1o hopmyau (2):

IR (k + 1) -\
O T (B+1)- A+ ppp

me n_LR = 1/ (D + t_r). Ilixncrasiswoun, OTPUMYEMO
dopmymy (3):

(2)

e (E+1)--(D+t,)
©% 14+ (k+1)-%-(D+t,)

ITIpu LR pemouT BigOyBaeThca JIHIe IIPUA TOCAT-
"enHi mopory §. Hexait v_LR — uacrora mocArueHH:A
§ 3 mouarkoBoro crany n. Ockinbku y LR pemonTy
HeMae BuIle §, cucreMa apeiiye BHU3 BUKJIFOUHO Ue-
pes BiIMOBY; Yac HepIIOro HPOXOIKEeHHA Bif cTaHy
n mo k + 1 ckmagaersesa 3 n — k — 1 HesaslexxHux (as,
i v_LR = A/ Z_{s=k+2}"n} (1/s). 3Biacu orpumyemo
dopmyity (4):

BLR

repair

(3)

R Vip (n —k) “Byers Vip < DA

nopu A < Ugp (4)

YMmoBa mepexony A*

Busnaunmo A* sk 3HaUeHHSA A, 3a AKOT0 00U/IBI CTpa-
Terii 3abesneuyors ogaarkoBy P_loss. [Tpu mamux A,
me (B + 1)-A-(D + t_r) << 1, ipaBa yacTuHa JIiHINHA,
AK moxasano y popmyiti (5):

P~ (E+1)-A-(D+t.) (5)

loss

ITpupisaioroun o P_loss™ER i giisaun zHa A*, orpu-
myemo opmyiry (6):

( *)n,k,l
n!

Posp’sizox miisi n —k > 2 momano y dopmyiti (7):

1
. (k+1)!-(D:rt,)-M§}k neh-l o
n:

3rigao 3 dopmysoro (7), mia n —k = 2 icHye
eQVHA TOUKa IepeTuHy A* (JIiBa uacTuHa 3pocTae
AK ANn—k—1), mpaBa € KOHCTAHTOIO BigHOCHO A). lia
n—k = 1 jgiHuBe Ta HeTePILIAYE BiTHOBJIEHHA MAOTh
pisHi P_loss mipu 6yab-axkomy A > 0, i LR saBxxmu ripime
3a ER na Benmmuuny, poropiiitiay D.

IIpaxTuuHmil HACTIZOK: A* criagae 31 301JIbIIIECH-
HAM D — yum noBira 3arpumia LR, Tum By:xumii mia-
masoH A, 3a sixoro LR e 6esreurum. [Ipu D = 0 A* = o
(LR saBxmu 6esmeune). [Tpu D >> 1/((k+1) A) fimoBip-
HicTs BrpaTu npu LR npamye go 1.
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BucHoBKH. MU 3anponoHyBaii €1UHY MapKiBChKY
MOJIEJTb OJIA TIOPIBHAHHA CTPATETIH JIIHUBOTO Ta HETeP-
IUIYOT0 BiTHOBJIEHHS Y POSIIOMiIeHNX cxoBuiax. Kiro-
YOBHUI Pe3yJIbTAT — 3aMKHEHU aHAJIITUIHUIN BUPa3
IUIA TIOPOTY A, U0 00360J15€ NPOCKMYSAbHUKAM CUCMe-
Mmu obupamu cmpameziio 6e3 cumynauii: npu A < A ginu-
Be BITHOBJIEHHA 3a0e3meuye eKBiBaJIeHTHY HATIMHICTH
IPU 3HAYHO MEHIIINUX BUTPATAX IMPOITYCKHOI 3IaTHOCTI;
mpu A > A¥ HeTepILIAYe BiMHOBJIEHHA € HEOOXITHIM.

Oo6me:xxennsa. Mopess nependadae HesaseKHi Bif-
MOBHU BY3JIiB, IIyaCOHIBCHLKUI MPOIIEC BiJIMOB Ta €KC-
MIOHEHI[IIHO PO3IIomiJIEeHNI Jyac BigHOoBJIeHHA. Kope-
JIbOBaHI BimMoBH (306iif cTiliku, BiAMOBa Jara-1ieHTpPy)
BUXOOATH 32 MEXKI ITiei poOOTH.

MaiiGyTHA pobGoTa: Baiaia MoAesi Ha peab-
Hux Tpacax BigmoB (Filecoin, Storj) [4] Ta pospoOka
afanTUBHOI cTpaTerii, 0 JUHAMIYHO IIePEMUKAETHC
mixk LR ta ER Ha ocHOBI moTouHOI OIiHKHA A.

JOJATKOBA IHOOPMAIIIA
BHECORK ABTOPIB: Yci aBTopu 3po0uIy BHECOK IOPiBHY.
DOIHAHCYBAHHS: ABTopu He 0TpUMYBaJIU (DiHAHCYBAHHA [JIA IIbOTO JOCITiKEHHA.
3AABA ITPO JOCTYIIHICTD JAHMX: He 3acToCOBYyETHCA.
KOH®JIIKT IHTEPECIB: ABTopu 3asABJIAI0TH ITPO BifICYTHICTh KOHQJIIKTY iHTEpECiB.
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