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APXUTEKTYPA U NPUHLUMNbI NPOTPAMMHO-KOH®UTYPUPYEMbIX CETEM (SDN):
OT MOHO/IUTHbBIX CTPYKTYP K TPOrPAMMMUPYEMOWM JTIOTUKE

AHHOTauuA
CTaTbsl OMUCbIBAET KOHLIEMLMIO NPOrpammHo-KoHburypupyembix ceteint (SDN), KoTopaa pasaenser
ynpaB/fieHMe W nepedadvy AaHHbIX. PaccmoTpeHbl apxuTektypa SDN, npoTtokon OpenFlow, a Takxe
NPENMYLLECTBA U OCHOBHble Npobaembl.
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MAIOCKOCTEN, 0XKHbIA MHTEpPdENC, ceBEPHbI MHTEPPENC, NPOrPAMMMPYEMOCTb CETU, BUPTYyaIn3aLmA.
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ARCHITECTURE AND PRINCIPLES OF SOFTWARE-DEFINITIONED NETWORKS (SDN):
FROM MONOLITHIC STRUCTURES TO PROGRAMMABLE LOGIC

Abstract
This article describes the concept of software-defined networking (SDN), which separates control and
data transmission. It examines the SDN architecture, the OpenFlow protocol, and its advantages and key
challenges.
Keywords:
software-defined networking, Open Stream, data plane, plane splitting, southbound interface,
northbound interface, network programmability, virtualization.

1. BBegeHue

Ha npoTtaxeHun nocnegHUx HECKONIbKUX AECATUIETUIN ceTeBas UHAYCTPUA pa3BMBaANaChb B YCA0BUAX
NOCTOSIHHOM NOTrOHM 3a NPONYCKHOM cnocobHocTbo. OgHaKo No Mepe nepexoaa K 06/1a4HbIM BbIYNMCAEHUAM,
MacCcoBOW BMpPTyanM3aLUMM CEPBEPOB M B3PbIBHOMY POCTY MOBMAbHOro TpaduKa CTasio o4YeBUAHO, YTO
HapaliMBaHMe TO/IbKO annapaTHbIX MoOLWHOCTel Oonble He pewaeT ¢yHOAMEHTanbHbIX npobaem.
Knaccmuyeckune cetm oKasanmcb C/IMWKOM MHEPTHbIMK 1A COBPEMEHHDIX AaTa-LeHTPOB, rae BMpTyasbHble
MaLLMHbI CO34a0TCA U MUTPUPYIOT 3@ CEKYH/bI, @ HACTPOMKA CETEBOTO OKPYKEHUA MO HUX MOMKET 3aHMMaTb
OHW AN faxke HeJenu.




HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

OTBETOM Ha 3TOT KpM3MC TMOKOCTM CTana KOHUENUMA MnporpammHO-KOHOUIYpPUPYEMbIX CeTen
(Software-Defined Networking, SDN). 9To He NpocTo ouepeAHON NPOTOKOA AU HAACTPOMKA, a paauKabHbIM
nepecmoTp camoit GMNocoPpumn NoCTPOEHUA TENEKOMMYHUKALMOHHbIX MHPpacTpykTyp. SDN npeanaraet
OTKa3aTbCA OT }KECTKO 33[aHHbIX afirOPUTMOB PaboTbl BHYTPU KaXKAOrO OTAENbHOro MapLipyTusaTopa B
Nonb3y LEHTPAM30BAHHOIO MHTE/IEKTa. 1o cyTu, 3Ta Napaaurma genaeT ¢ CeTAMM TO XKe CaMoe, YTO B CBOE
BpemMsA onepaLMoHHble CUCTEMbI CAeNann C KomnbtloTepamu: abcTparnpyeT annapaTHoe obecneyeHue u
npepocTasafeT yaobHbI NporpammHbIin uHTepdeiic ana pa3paboTkM NpUAoKeHUA. B AaHHOW cTaTbe Mbl
AeTanbHO pasbepem, Kak yCTPOEHA 3Ta apXMUTEKTYpa, Ha KaKMX NPOTOKO/Iax OHa 6a3vpyeTca U C Kakumu
BbI30BaMM CTa/IKMBAETCA MPU pPeasibHOM BHELPEHUMN.

2. MpeAnocbIIKK NOABNAEHUA U OCHOBHbIE NPUHLUNbI SDN

MNpo6aembl TPagULMOHHDBIX ceTeit

NcTopuueckn cnoxunocb Tak, UTo ceTeBoe 060pya0BaHNE CTPOUAOCH MO NPUHLUMNY BEPTUKAIbHOM
WMHTerpaumMm. BHYTpM  CTAaHOAPTHOrO  MapLpyTM3aTopa WAM  KOMMyTaTopa TeCHO  ChJIeTeHbl
cneumannsmMpoBaHHoe annapaTHoe obecnedveHne (ASIC), onepauMOHHAA cUCTEMA OT KOHKPETHOro
npoussogutens (Hanpumep, Cisco 10S wam Juniper Junos) M ceTeBble NPUNOXKEHUA (MPOTOKO/bI
MapLLpyTU3aLMK, CNIUCKN A0CTYNa, MexaHn3mbl QoS).

TaKana MOHO/IUTHAA apXMTEKTYpPa NOPOAUNA PAS, CEPbE3HbIX OFPaHUYEHUN:

3aBucumocTb oT BeHgopa (Vendor Lock-in). TenekoMmyHMKaUMOHHbIE KOMMAHUM U KOPMNOPaTUBHbIE
3aKa3uYMKM CTAaHOBUUCL 3a/I0KHUKAMW OZHOrO npoussoauTens. MHTerpauma HoBoro ¢yHKUMOHanNa
NMONIHOCTbIO 3aBMCEeNa OT TOrO, KOrAa BEHA0P PELUUT BbINYCTUTb OOHOBAEHME NPOLIMBKM, YTO MOT/10 3aHUMATb
roapbl.

PacnpeneneHHas cNoXHOCTb. B TPaAMUMOHHOM CeTU HET eAMHOro Mo3ra. YTobbl U3MEHUTb NOUTUKY
6€30MacHOCTM UM MapLIPYTU3aALMIO 4J/19 HOBOTO CEPBUCA, CETEBOMN MHKEHEP BbIHYKAEH BPYYHylO (Yepes
CLl) nepekoHdUrypnpoBaTb AECATKU YCTPOMUCTB, cneas 3a TemM, 4YTOObl MX JIOKa/ibHble HACTPOWKKU He
NPOTUBOPEUYUAN APYT APYrY. ITO KOJOCCANbHbIN PUCK Ye0BEYECKON OWNBKMU.

HeBO3MOXKHOCTb r106anbHON ONTUMM3AUMK. TaK KaK Kaxapli MapLIpyTU3aTop NPUHUMAET peLleHuns
JIOKa/IbHO, OMNMPANACh TOIbKO Ha CBOE BUAEHME Tononornu (Hanpumep, yepes npotokosn OSPF nam BGP), cetb
B LesIomM He MoxeT 3¢deKTMBHO BanaHCMpoBaTb Harpysky Uav AMHaAMWYECKM pearMposBaTb Ha aHOMA/IUM
TpaduKa.

Kntouesble npuHuunbl SDN

Y10Obl paspywuTb MOHOAWUT TPAAMUMOHHBLIX ceTel, KoHuenuus SDN onupaetca Ha Tpwu
dyHOaMeHTaNnbHbIX CTONA:

PaspeneHue nnockocted. 370 anbda M omera SDN. B KiaccMyeckom YCTPOMCTBE MNJIOCKOCTb
ynpasneHua (Control Plane — rae paccumTbiBatoTcA MapLUpyTbl M NOAUTUKM) U NNIOCKOCTb Nepeaadn AaHHbIX
(Data Plane — rae nakeTbl GU3NYECKM NEPECHINAIOTCA M3 NOPTa B MOPT) Haxo4ATcA B og4HOM Koprnyce. SDN
dU3MYECKM N IOTUYECKU OTAenseT Ux Apyr oT gpyra. «Mosr» ybupaerca M3 KOMMYyTaTopa Ha BHELIHWU
cepBep, a CaMoOMy YCTPOMCTBY OCTaBASOT ANLLb 33434y ObICTPO NepeKknanblBaTb NAKETHI.

LieHTpanusaumua ynpasaeHus. MN3baTas n3 obopynoBaHNA IOrMKa cobupaeTcs B eAMHOM LLEHTpe —
SDN-KOHTpoAnepe. 3TOT KOHTponnep obnagaeT NoAHbIM, r106anbHBIM BUAEHMEM BCEN CETU B peasibHOM
BpemeHu. [Jna ceTeBoro agMMHUCTPATOPaA CeTb NPEeBPALLAETCA M3 TbiCAY PA3PO3HEHHbIX KOPOOOK B OAMH
FMraHTCKU NOTMYECKUI KOMMYTATOP.

Mporpammupyemoctb. [1OCKONbKY ynpaBaeHWe LLeHTPaAM30BaHO, CETbIO Tenepb MOXKHO YNPaBAATb C
NOMOLLLbIO MPOrPaMMHOro Koga. BMecTo HanncaHMA CKPUNTOB A/1A MapCUHIa KOHPUIrypaunoHHbIX dalinos
WH)eHepbl MOTYT UCMO/1b30BaTb COBPEMEHHbIE A3blKKM nporpammuposaHus (Python, Java, Go) u APl ana
aBToMaTm3aumm Nbbix NpoLeccos, oT 6aNaHCMPOBKM Harpy3KM 4O MIHOBEHHOFO pa3BepTbiBaHMA NOAUTUK
6e3onacHOCTN Npu KnbepaTakKe.
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3. ApXuUTeKTypa NporpaMmMHO-KOHUrypupyemom cetu

CrpykTypa SDN npeactasnset coboi YETKO BbICTPOEHHYIO MepapXxuto abCTpaKLmiA, KOTOPYO NPUHATO
OEeNUTb Ha TPW YPOBHA.

B camom HM3y apXMTEKTYpbI pacrnosiaraetca pusmnyeckoe (UAn BUPTyanbHOE) ceTeBoe 06opyaoBaHUe.
B napaamrme SDN KOMMYTaTOpPbl U MapLIPYTM3aTOPbI INLWAOTCA CBOEN UHTENIEKTYaIbHOM COCTaBAAIOLLEN.
MX NpMHATO Ha3blBaTb «rAynbiMM» KOMMyTaTopamm (bare-metal nnm white-box). Ux eanHcTBeHHana 3agaya
— NPWUHUMaATb MaKeTbl, CBEPATLCA C JIOKANbHOW Tabauuein npasua (KOTOPYHO UM MPUCAan KOHTpoAanep) u
BbINO/IHATL 6as3oBble AEWCTBUA: MepecnaTb NAKET B OnNpeAesieHHbl NopT, OTOPOCUTb €ro, U3MEeHWUTb
3aroN0BOK WAM  OTNPABUTb KOMUIO KOHTPOA/epy Ha aHanm3. [lOCKONbKY C/0XKHaA MaTemaTuKa
MapLipyTusaumm ybpaHa 13 ycTpoiicTBa, OHO MOXET ObiTb MOCTPOEHO Ha base AelleBbiX U CBEPXObICTPbIX
KOMMepyecknx unnos (merchant silicon), 4To pagnKanbHO CHUMXKAET CTOMMOCTb MHPPACTPYKTYpbI (CapEx).

YpoBeHb ynpasneHus (SDN-koHTponnep)

CpegHuin apyc 3aHnmaeT SDN-KOHTpo/ep, KOTOPbIA MO MpaBy CYUTAETCA CETEBOM ONepaLyOHHOM
cuctemolt (Network OS). MMeHHO 34ecb *KMBET N0rMKa. KOHTpoaaep BbIMOAHAET HECKO/IbKO KPUTUYECKU
BaXKHbIX QYHKLUMNA:

HenpepbiBHO onpalwmBaeT WHPPACTPYKTYPHbIM YPOBEHb A1 MOCTPOEHUSA aKTyaZlbHOW KapThbl
TOMO/IOTUM CETU; OTCNEKMBAET COCTOSIHME JIMHKOB M Y3/10B, MOMEHTANIbHO Y3HaBan o cbosx; TpaHcanpyeT
BbICOKOYPOBHEBbIE OM3HEC-MOJSIMTUKM B KOHKPETHble HW3KOYPOBHEBbIe NMpaBuia (MOTOKKU) ONA Kakaoro
OTAEeNbHOro KOMMyTaTopa.

KoHTponnep abctparnpyet pusnyeckyro ceTb. PaspaboTumKy 60/blle He HY}KHO 3HaTb, CKOJIbKO B CETU
KOMMYTATOPOB WM KaK OHW COeAMHEHbl NPOBOAOB; OH MPOCTO OTMNPABAAET KOHTPONEPY KOMaHAY:
«0becneynTb rapaHTUPOBAHHYIO NOOCY NPOMNYCKAHUA MexXay cepsepom A u cepepom b»;

YpoBeHb NPUNOKEHWMIA

Ha camom Bepxy pacnonaratotcs 6U3HeC-NpUAONKEHMA U CETEBbIE CEPBMUCHI. ITO MOTYT BbITb CUCTEMDBI
npegoTepalleHnsa BropkeHnin (IDS/IPS), yMHble 6anaHCUPOBLLUMKMA Harpysku, MOAYAN POAMTENbCKOro
KOHTPOAIS, CUCTEMBI aHAIMTUKMU UAN BUAANHTA. DTU NPUNOKEHMA HE BMELLNBAOTCA B paboTy obopyaoBaHua
Hanpsamyto. OHU 3anpallnBalOT HYXKHble UM OENCTBUA Y KOHTPOJANEpPa, a TOT yKe 3aboTuTcA O TOM, KaK
peann3oBaTtb MX B XKenese.

UHTtepdeiicbl (Northbound n Southbound API)

[ns cBA3M 3TUX TPeX YPOBHEN MCMOb3YHOTCA cneumannsnpoBaHHble MHTepdeichbl:

Southbound API (KOxKHblii MHTepdeiic) cBA3bIBAaET KOHTPOANEP MU KOMMYTATOPbl MHPPACTPYKTYPHOTO
YPOBHA. Yepes Hero KOHTPOA/JEP «CMNYCKAEeT» MpaBuMaa BHM3 WM MOJYYAET CTATUCTUKY CHM3Y. Cambim
W3BECTHbIM NpeacTaBUTeNIEM OXKHOTO MHTepdeica asnseTca npotokon OpenFlow.

Northbound API (CeBepHbiit HHTepdeic) obecneunBaeT o0bLieHNE MeXaY KOHTPONNepom U busHec-
npunoxeHunamu. Kak npasmno, oH peanusyetca B suae RESTful API, uTo aenaet ceteByo MHOPACTPYKTYPY
AOCTYNHOM Ans MHTerpaunm c ntobbimm BHeWHUMM IT-cucTemamu, OT opKkecTpaTopoB obiakos (Hanpumep,
OpenStack) 0 cMcTeM TUKETUHTa.

4. NMpotokon OpenFlow

lfoBopa o6 SDN, Henb3a ob6oiTn cTtopoHolt OpenFlow — nepBbi M camblii PAcCAPOCTPAHEHHbIM
CTaHAapPTU3NPOBAHHbIN NpPOTOKOoN B3aumogelctemAa (Southbound API). PaspaboTaHHbIA M3Ha4YaNbHO B
cteHax CTaHpOPACKOro YHUBEPCUTETA, OH CTas KaTaim3atopom Bcelt SDN-pesotoLmu.

MNpuHUKUNbI PaboTbl U KOHLLENLIUA NOTOKOB

B oT/1IMuMe OT KnaccuyYecKkom MapLupyTM3aLmK, rae peLleHne o nepecbiike NPUHMMAETCA Ha ocHoBe IP-
agpeca HasHadyeHus (destination-based routing), OpenFlow ucnonb3yet kKoHuenuuo nomoka (flow). MoTtok
— 3TO MnocnenoBaTe/IbHOCTb NAKETOB, 0O6beAMHEHHbIX 06WMMKM npu3Hakamu. KommyTtatop OpenFlow
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COZlEPXKMUT OIHY AN HECKONbKO Tabaunu, noTokos (Flow Tables). Kaxaas 3anuck B Takol Tabaunle cocTonTt us
TPEX rNaBHbIX KOMMNOHEHTOB:

Nona cosnagexHua (Match Fields): Habop KpuTepures, No KOTOPbIM OMNO3HAETCA NaKeT. 3TO MOryT 6bITb
MAC-agpeca, IP-aapeca, TCP/UDP noptsl, VLAN ID 1 gaxe metkn MPLS.

Cuetumnku (Counters): cobnpatoT CTaTUCTUKY (KONMYECTBO NakeToB, 6aliTOB, Bpema KMU3HM NpaBuna).
370 6ecUeHHO ANA CUCTEM aHANUTUKM.

Deiicteua (Actions/Instructions): YTo MMEHHO HY)KHO caenatb C NAKeTOM, eCiM OH CoBnan ¢
KpUTEPUAMMU.

Mpouecc 06paboTKkM KoHBeMepPHbIW. Koraa nakeT nonagaet B KOMMYTATOP, YCTPONCTBO U3B/IEKAET €ro
3aro/IOBKM M HAYMHAET MCKaTb cOBNageHus B Tabaunue. Ecam coBnageHne HangeHo, NPUMeHAETCA 3a4aHHoe
pencreune (Hanpumep, output: port 5).

B3aMmopgeiicTBUEe KOHTpOIepa U KOMMYTaTopa

Camoe MHTepecHoe NPOUCXOAUT, KOrga B KOMMYTATOP NPUXOAMUT MaKeT, 418 KOTOPOro HET rOTOBOrO
npasuna (cutyaums Table Miss). B TpaanumoHHoOM ceTu Takoi nakeT 6bin 6bl cKopee Bcero oTbpolueH. B cetn
SDN KoMMyTaTOp MHKaMCY/JIMPYET YacTb 3TOr0 HE3HAKOMOIO NakeTa B crneunanbHoe coobueHne Packet-In m
OTNpaBAAEeT ero no 3awueHHomy KaHaay Ha SDN-KoHTpoanep.

KoHTponnep aHanusMpyeT NakeT, nposepseT cBou rnobasibHble NOAUTUKM U NPUHUMAET peLIeHue.
Ec/iv OH cuMTaEeT HYXKHbIM NPONYCTUTL 3TOT TPadUK, OH oTnpasafeT obpaTHo coobuieHune Flow-Mod, KoTopoe
NPONUCbIBAET HOBOE MPaBU/IO B TabAULYY KOMMYTATOpPa, @ 3aTeM BO3BPALLLAET CaM NaKeT ANs fa/bHeNLwWwen
nepecbinkn (Packet-Out). C 3Toro MomeHTa Bce noOcAeayloWMe MaKeTbl AAaHHOrO MNOToKa OyayT
06pabaTbiBaTbCA KOMMYTAaTOPOM anMapaTHO, Ha CKOPOCTM NPOBOAA, HE OTBNIEKAA KOHTPONEP.

5. Npenmyuiectea u npobnemobi BHegpeHua SDN

Mepexoa K apxXUTEKTYype C pasaeneHnem N0rMKN U Nepesadn SaHHbIX OTKPbIBAET neped 6usHecom u
nposaiifepamMn CBA3N COBEPLUEHHO HOBbIE FOPWU3OHTbI, OLHAKO OH HE /INWEH CepPbe3HbIX TEXHUYECKUX
NoABOAHbIX KAMHEN.

[ocTouHcTBa M ApaiBepbl pocTa

MepBbiM M CaMbiM 0YEBUAHBIM NPENMYLLECTBOM ABAETCA HENPEB30OWAEHHaA TMOKOCTb yNpaBAeHUs.
CeTb HauMHaeT paboTaTb CO CKOPOCTbIO codTa. Pa3zBepTbiBaHME HOBOI YCAYrM, KOTOPOE paHblue TpeboBano
Bble3a WHXXEHEePOB W MepeHacTpoiikM 060pyLoBaHUA, Tenepb MNPOUCXOAMT MO HAMKATUIO KHOMKM B
pawbopae opkecTpaTopa. BTopoi ¢akTop — CHUXKEHME KanuTaNbHbIX M onepauMoHHbIX 3aTpaT (CapEx u
OpEx). KomnaHMM nony4atoT BO3MOMKHOCTb OTKA3aTbCA OT AOPOrUX MPONpPUEeTapHbIX MapLIpyTU3aTOPOB B
nonb3y obopyposaHua tuna White-box or ODM-npoussogutenein. OnepaumoHHble pacxodbl nagatoT
6narofapa rnyboKoi aBTOMATU3aLMU: MHXKeHepaM 6o/blle He HYXKHO TPaTUTb Yacbl Ha MOUCK OMeYaToK B
CLI-koHowurax. TpeTbe [OCTOMHCTBO KPOETCA B MHHOBALUMOHHOM noTeHuMane. NockonbKy ceTeBas /IorMKa
Tenepb NUIWETCA OOblYHbIM NPOrPaMMHbBIM KOAOM, LMKN TeCTUPOBAHWS WM BHEAPEHUSA HOBbIX MAel
COKpaLLaeTca B pa3bl. Jllobon nccnenosatenb AU CTapTan MOXKET HanMcaTb NPUIOKEHUE AN KOHTPOANEpa,
peanusyloLee aaropuTM MapLLpPyTU3aLMKM, KOTOPOro PaHbLLe AaKe He CYLLLeCTBOBaO B NpMpoae.

MNpo6aembl n 6apbepbl Ha NYTU UHTErpaLum

OpHako peanbHoe BHegpeHue SDN cTanKkMBaeTcs C CypoBOW AEUCTBUTENIbHOCTbIO. [naBHOM
APXMTEKTYPHON Npobaemoi ABNAETCS pasMelleHMe M macwTabupoBaHue KoHTpoanepa. LleHTpanusaumsa
ynpasieHnsa CO34aeT eANHY0 TOUKY 0TKasa (Single Point of Failure). Ecnu KoHTponsiep BbIAAET U3 CTPOSA UK
MOTEPAET CBA3b C KOMMYTaTOpPaMM, CETb «OC/IEMHET» — HOBble CECCMM He CMOTYT yCTaHaB/iMBaTtbeA. [a
peleHua 3Ton Npobaembl KOHTPOIEPDI PAa3BEPTbLIBAIOTCA B BUAE PAacnpeseneHHbIX K1acTepos, YTo BaeYeT
33 Co60I CNOXKHeNLIMEe 33341 N0 CUHXPOHM3ALUUM COCTOAHKUI (cnauT-6peliH npobaembl) n obecneyeHuto
KOHCUCTEHTHOCTM AaHHbIX (no Teopeme CAP).
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MNpobnema macwTabupyemocTM Hanpsmylo CBA3aHa C MeXaHUM3MOM 06paboTKM HEeW3BECTHOro
TpaduKa. Ecnm B ceTM BHE3aMHO NOABUTCA OFPOMHOE KO/IMYECTBO HOBbIX, YHUKANbHbIX MOTOKOB (Hanpumep,
80 Bpems DDoS-ataku nam ckaHMpoBaHUA NOPTOB), KOMMYTATOPbI CreHePUPYHOT NaBuHY coobuieHunii Packet-
In. KoHTponnep puckyeT 3axnebHyTbCA B 3anpocax, a ero npoueccopHoe Bpemsa OyaeT mcyepnaHo, 4To
npuBeseT K Aerpagaumnm Bcem ceTu.

He meHee ocTpo ctouT Bonpoc 6esonacHoctn. B napagurme SDN KOHTpOA/Ep CTAaHOBUTCA CamMoW
NIAaKOMOM Lenblo g5 3/10yMbILUIEHHMKOB. YCMELWHbI B31OM CEBEPHOrO MHTepdeica nanm camoro cepsepa
ynpasneHuA fJaeT aTakylolemy abCoNIOTHbIM KOHTPOAb Hag, Kaxablim 6aiToM, MNpoXoAawum Yepes
MHOPACTPYKTYPY.

HakoHeu, cepbe3HbIM TOPMO30M AB/IAETCA COBMECTUMMOCTb € YHac/eA0BaHHbIMMU (legacy) cetamu. Hu
OZHa KpYMHas KOMMaHMA He MOMKEeT Mo3BOAUTb cebe BbIKMHYTb CTapoe 0b60pyaoBaHWE M B OAWMH A€Hb
nepenTtn Ha SDN. MNpouecc nepexoga TpebyeT co3aaHua rmbpuaHbix ceter, rae OpenFlow-kKommyTaTopsbl
BbIHY>XAEHbl COCYLLECTBOBaTb M OBMEHMBATLCA AaHHbIMK (4epe3 CNOMKHble LW03bl) C K/IacCUYECKMMM
MapLupyTusaTopamu, paboTarowmmm no npotokonam BGP mnm OSPF, 4To BpPeMEHHO YC/NOXHAET, a He
yrnpoLaeT ynpaB/ieHue.

3aknoyeHue

MporpaMmHoO-KOHUIYpUpyeMble CETU CTasin BayKHEMLLEN BEXON B 3BOMOLUN TEEKOMMYHUKALMNA.
KoHuenuma otaeneHuns naocKoCcTM yrnpasBaeHUsa oT NAOCKOCTM Nepenayn AaHHbIX PaspyLwnia MHOTONETHIO
MOHOMNONMIO BEHAOPOB U cAeNana CeTU NO-HACTOALWEMY NPOrPaMMUPYEMbIMU, NPO3PAYHBIMU U TMOKUMM.
Npen, 3anoxeHHble B SDN, nocnyxunam GyHAAMEHTOM ANS PAa3BUTUS CMEXKHbIX TEXHOJIOTUM, TaKMX KaK
BUpTyanusauma cetesbix GpyHKumit (NFV), nporpammHo-onpeaensemble rnobanbvHble cetn (SD-WAN) u
aApPXUTEKTYPbI MOBUIbHBIX CETEI NATOTO U LWEeCToro nokoneHun (5G/6G).

HecmoTps Ha npo6aembl ¢ 6€30NaCHOCTbIO U CZI0XKHOCTb NOCTPOEHMA OTKA30YCTOMUMBBIX KNAcTepoB
ynpaB/ieHMAa, NpenmmyLLecTBa aBTOMATM3aLUM M LEHTPANIN30BAHHOIO KOHTPOAS MEepPEeBELUMBAOT PUCKM.
CerogHa SDN nepectana 6bITb NPOCTO MOAHON abbpeBMaTypoi N3 HayYHbIX CTaTeN — 3TO MHAYCTPUANbHbIN
CTAaHAAPT NOCTPOEHMA COBPEMEHHbDIX LLEHTPOB 06pabOoTKM AaHHbIX U MArMCTPaibHbIX CeTel NpoBanaepos,
[,0Ka3blBatoLWMin, 4To ByayLiee CBA3N NeXUT B 06,1aCTU NPOrpamMMHOro Koga, a He annapaTHoro Xxesesa.

CNUCOK UCNOb30BaHHOW UTEpPaTypbl:
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2. Goransson, P., Black, C., & Culver, T. Software Defined Networks: A Comprehensive Approach. 2nd Edition,
Morgan Kaufmann, 2016.
3. Nadeau, T. D., & Gray, K. SDN: Software Defined Networks. An Authoritative Review of Network
Programmability Technologies. O'Reilly Media, 2013.
4. CmenaHckuii P.J1. TexHonormm SDN u NFV: nepcnekTuBbl NPakTUYECKOro npumeHeHus // BecTHUK
MocKkoBcKoro yHusepcuteTa. Cepusa 15. BoluncantenoHas matematmka U KnbepHetuka. — 2014. — Ne 1. —
C. 3-13.
5. Open Networking Foundation (ONF). OpenFlow Switch Specification. Version 1.5.1. (ApxuBHble U
aKTyasibHble CTaHAAPTbI cneunduKkaumun).
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SCIENTIFIC STUDY OF COTTON CLEANING TECHNOLOGY IN COTTON PROCESSING ENTERPRISES

Abstract
This article provides a comprehensive scientific analysis of cotton cleaning technologies utilized within

modern cotton processing enterprises. Cotton ginning and cleaning represent critical stages in the textile
supply chain, directly influencing fiber quality, market value, and spinning efficiency. The study investigates
the mechanical and physical principles underlying the separation of organic and inorganic impurities from
raw seed cotton. By examining the structural dynamics of modern saw-tooth cleaners, cylinder cleaners, and
pneumatic separation systems, this research identifies key bottlenecks in traditional processing lines.
Furthermore, the paper explores the integration of automated monitoring systems and optimized moisture-
control mechanisms to minimize fiber damage during intensive cleaning. The findings suggest that a balanced,
multi-stage technological approach significantly preserves fiber length, reduces neps formation, and
enhances the overall economic efficiency of ginning mills.

Keywords:

cotton cleaning, ginning technology, fiber quality, seed cotton, impurity separation,
textile processing, mechanical cleaning.

Introduction

Cotton (Gossypium hirsutum) remains the cornerstone of the global natural fiber industry, serving as a
primary raw material for the international textile sector. The journey of cotton from a field-grown boll to a
high-quality yarn involves a series of complex mechanical processes. Among these, the technological
operations conducted at cotton processing enterprises (ginning mills) are paramount. The primary objective
of these facilities is to separate the valuable cotton lint from the seeds and remove the myriad of impurities
accumulated during harvesting. As mechanized harvesting methods—such as spindle pickers and cotton
strippers—have become globally dominant, the volume of trash, leaf particles, stems, and soil mixed with
raw cotton has escalated dramatically. Consequently, the scientific study and optimization of cotton cleaning
technologies have shifted from a routine engineering concern to a critical area of agricultural and industrial
research.

The Challenge of Raw Cotton Contamination

When raw seed cotton arrives at a processing enterprise, it is rarely in a pure state. Machine-harvested
cotton contains anywhere from 10% to 35% foreign matter, broadly classified into large trash (bracts, sticks,
stems, and whole bolls) and fine trash (leaf fragments, dust, shale, and soil particles). If these impurities are
not meticulously extracted prior to the ginning process—where the lint is separated from the seed—they
become deeply embedded in the fibers. This leads to several industrial complications:

1. Fiber Degradation: Large mechanical forces acting on contaminated cotton can pulverize brittle
leaves into microscopic dust, making later extraction nearly impossible.

2. Neps Formation: Over-processing and excessive mechanical agitation entanglement fibers,
creating tiny knots called "neps" which ruin dye uniformity in finished fabrics.
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3. Equipment Wear and Tear: Abrasive elements like sand and stones accelerate the degradation of
expensive saw blades and rib segments within the machinery.

Therefore, the technology of cleaning raw cotton must strike a delicate, scientifically validated balance:
it must maximize trash removal efficiency while minimizing mechanical stress to preserve the natural physical
properties of the cotton fiber, such as length, strength, and uniformity.

Mechanical Principles of Modern Cleaning Systems

The technological framework of a modern cotton cleaning department relies on a sequence of
specialized machines, divided into seed-cotton cleaners (processed before ginning) and lint cleaners
(processed after ginning).

1. Cylinder/Cleaner Systems (Incline Cleaners)

The initial stage of processing typically employs inclined or horizontal cylinder cleaners. Raw cotton is
fed into a chamber where spiked cylinders rotate at velocities ranging from 400 to 600 RPM. The scientific
principle here relies on a combination of centrifugal force and impact. As the spiked cylinders agitate the
cotton against a grid screen or perforated metal sheet, the heavier, dense trash particles are thrown out
through the openings via gravity and centrifugal acceleration, while the lighter cotton locks remain suspended
and move forward.

2. Extractor Units (Stick Machines)

To combat larger geometric impurities like sticks and burs, extraction technology utilizes the principle
of centrifugal separation coupled with saw cylinders. Raw cotton is fed onto rapidly spinning saw drums. The
sharp teeth of the saws catch the soft, yielding cotton fibers, pulling them through narrow clearance zones.
The rigid, bulky sticks and burs cannot flex or adhere to the saw teeth; their inertia flings them off the cylinder
into a waste discharge chute.

3. Lint Cleaning Technologies

Following the separation of lint from the seed via saw or roller gins, the fiber undergoes a final stage
of purification through lint cleaners. Saw-tooth lint cleaners feed a thin sheet of combed fiber onto a saw
cylinder, where grid bars scrape against the exposed lint, removing residual pin trash and motes. While highly
effective at enhancing the color grade of the cotton, this stage poses the highest risk for fiber breakage and
staple shortening.

Thermal Regulation and Moisture Control as a Scientific Variable

One of the most critical discoveries in contemporary cotton processing science is the profound impact
of moisture content on cleaning efficiency and fiber integrity. The physical bond between trash particles and
cotton fibers varies dynamically with relative humidity and moisture percentage.

¢ Low Moisture (< 5%): Cotton fibers become brittle. While trash separates very easily because the leaf
particles are dry and non-adhesive, the mechanical impact of saws and cylinders causes severe fiber breakage,
shortening the average staple length.

e High Moisture (> 8%): The fibers exhibit high elasticity and strength, but the trash adheres
tenaciously to the damp lint. Mechanical cleaners become clogged, and the separation efficiency drops
exponentially.

Scientific consensus dictates that the optimal moisture content for cleaning seed cotton lies between
6.0% and 7.0%. To maintain this equilibrium, modern enterprises utilize tower dryers equipped with
automated moisture sensors. These systems dynamically adjust air temperature and exposure time, ensuring
the cotton enters the mechanical cleaning line at an ideal physical state.

Innovations and Future Outlook

The transition toward Industry 4.0 has introduced smart manufacturing paradigms into cotton
processing. Traditional cleaning systems operate on fixed mechanical speeds, ignoring the highly variable
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nature of incoming cotton batches. Current research focuses on the deployment of real-time optical sensors
and machine learning algorithms. By analyzing digital images of the cotton flow on conveyor belts, intelligent
systems can instantaneously calculate the trash index and adjust cylinder rotational speeds, grid bar
clearances, and feed rates automatically.

Furthermore, aerodynamic separation—using controlled air currents rather than aggressive
mechanical beating—presents a promising frontier. By exploiting the differences in terminal velocity between
lightweight cotton fiber and denser organic trash, pneumatic cleaning systems can achieve high extraction
rates with zero mechanical damage to the staple length. Ultimately, the continuous scientific refinement of
these technologies ensures that cotton processing enterprises can meet the stringent quality demands of
modern high-speed textile spinning mills while maintaining environmental and economic sustainability.
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FEATURES OF WATER CONSUMPTION AND FERTILIZER APPLICATION ACROSS DIFFERENT
VEGETATION PERIODS IN VARIOUS COTTON VARIETIES

Abstract
This article examines the dynamics of water consumption and mineral nutrition requirements of
different cotton (Gossypium hirsutum L.) varieties during distinct ontogenetic stages. Cotton cultivation
demands precise resource management to maximize yield and fiber quality while minimizing environmental
impacts. Because early-maturing, mid-maturing, and fine-staple cotton varieties possess distinct physiological
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traits, their transpirational demands and nutrient uptake kinetics vary significantly from emergence to boll
opening. This study analyzes how water requirements peak during the flowering and fruit-formation stages
and how nitrogen, phosphorus, and potassium ratios must shift to support structural growth, carbohydrate
synthesis, and boll retention. The integration of modern drip irrigation and fertigation systems is discussed as
a primary mechanism to align resource delivery with these biological periods, offering a sustainable approach
to optimizing cotton agrocenoses.
Keywords:
cotton varieties, vegetation periods, water consumption, fertilizer application, ontogenesis,
evapotranspiration, fertigation, yield optimization.

Introduction

Cotton (Gossypium hirsutum L.) remains one of the most economically significant industrial crops
globally, serving as the backbone of the textile industry and a vital source of plant-based oil and protein meal.
However, achieving high yields of quality lint requires intensive resource inputs, particularly water and
mineral fertilizers. In an era marked by accelerating climate change, localized water scarcity, and the economic
necessity of reducing agricultural overheads, the arbitrary application of water and fertilizers is no longer
viable. Modern cotton agronomy must transition toward precision management, which relies heavily on
understanding the intricate relationship between a specific cotton variety's genetics and its physiological
demands across different vegetation periods.

The growth and development of the cotton plant are divided into distinct phenological stages:
germination and seedling emergence, squaring (bud formation), flowering, boll development, and boll
opening. Each stage represents a unique physiological milestone with radically different metabolic rates,
transpirational demands, and nutrient assimilation profiles. Furthermore, the introduction of diverse cotton
cultivars—ranging from fast-maturing, determinate types to high-yielding, late-maturing, or fine-staple
varieties—adds a layer of complexity. Different varieties exhibit unique root architecture depths, leaf area
indices (LAl), and photosynthetic efficiencies, meaning a one-size-fits-all irrigation and fertilization schedule
inevitably leads to either resource deficit or environmental wastage.

Water Consumption Dynamics Across Vegetation Periods

During the initial vegetative phase (emergence to squaring), the water requirement of the cotton plant
is relatively low. The leaf surface area is minimal, and evapotranspiration is driven primarily by direct soil
evaporation rather than plant transpiration. At this stage, excessive watering can be detrimental, cooling the
soil unnecessarily, encouraging fungal pathogens causing seedling damp-off, and discouraging the downward
vertical elongation of the taproot. A well-developed, deep root system established during early growth is
crucial for drought resilience later in the season.

The transition to the squaring stage marks a sharp inflection point in water consumption. As the
branching system expands and the leaf area index increases, the plant’s transpirational pull intensifies.
However, the true peak of water consumption occurs during the critical flowering and intensive boll-
formation periods. During these stages, cotton plants can consume up to 70-80% of their total seasonal water
requirement. The metabolic demands of synthesizing cellular structures for flowers and developing bolls
create a high physiological water potential gradient.

If water stress occurs during flowering, the cotton plant exhibits a self-preservation mechanism: it
sheds squares, flowers, and young bolls (abscission) to match its reproductive load with available resources,
leading to catastrophic yield losses. Conversely, over-irrigation during this peak period promotes excessive
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vegetative growth (rank growth), where the plant expends energy on tall main stems and vegetative branches
rather than directing carbohydrates to reproductive sinks. As the bolls mature and reach the boll-opening
stage, water consumption declines rapidly. Minimal water is required at the end of the cycle; in fact, dry
conditions are favored to allow proper boll splitting, prevent lint staining, and facilitate mechanical harvesting.

Nutrient Uptake Profiles and Variety Specifics

Mineral nutrition must be carefully synchronized with these water consumption patterns, as nutrients
are primarily taken up dissolved in the soil solution via mass flow and diffusion. The three primary
macronutrients—nitrogen (N), phosphorus (P), and potassium (K)—play distinct roles that change in priority
as the cotton plant matures.

¢ Nitrogen is the primary driver of vegetative biomass and structural protein synthesis. In the early
stages, small amounts are vital for establishing the photosynthetic apparatus. Its demand peaks during early
flowering. However, late-season nitrogen surplus delays maturity and keeps the plant green when it should
be senescing.

e Phosphorus is essential for energy transfer (ATP synthesis), root development, and early cellular
division. Unlike nitrogen, phosphorus is critical in the very early stages of vegetation to stimulate robust root
branching and accelerate the onset of squaring.

e Potassium regulates stomatal conductance, water balance, and fiber quality. Its demand peaks
sharply during boll filling because potassium ions create the turgor pressure necessary for fiber elongation
inside the developing seed.

The timeline and intensity of these resource demands vary substantially by variety. Early-maturing
varieties feature a compressed vegetative window; they transition to reproductive phases quickly, requiring
highly concentrated, readily available moisture and nutrients early in the season. Mid- and late-maturing
varieties distribute their resource consumption over a longer duration, featuring more extensive root systems
that can exploit deeper soil moisture profiles but requiring sustained nutrient availability late into the summer
months to prevent premature cutout (termination of growth).

Understanding these variations is fundamental to implementing advanced agricultural practices like
fertigation—the simultaneous application of water and dissolved fertilizers through drip systems. By tailoring
water volumes and N-P-K ratios to the specific vegetation period and variety of cotton, farmers can maximize
the water use efficiency (WUE) and nutrient use efficiency (NUE), ensuring sustainable, high-yield cotton
production in modern agricultural ecosystems.
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THE PRECISION BLOODLINE: GENOMICS, BIOMETRIC INFORMATICS, AND VETERINARY
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Abstract

The field of equine science is transitioning from traditional, phenotypic selection methodologies to an
integrated paradigm dictated by Equine Genomics and Biometric Stable Informatics. This article explores the
scientific pillars defining modern sport horse and elite breed management: the mapping of locomotion and
metabolic loci via single-nucleotide polymorphism (SNP) microarrays, the orchestration of stable
management through automated Internet of Things (IoT) monitoring, the physiology of targeted nutritional
interventions for lean muscle synthesis, and advanced reproductive technologies. Together, these
frameworks preserve ancient genetic lines while maximizing athletic performance and structural longevity.
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equine science, veterinary informatics, single-nucleotide polymorphism (snp), biometric monitoring,
Akhal-teke genomics, equine nutrition, reproductive technology.

Introduction

For centuries, horse breeding relied primarily on visual appraisal, pedigree observation, and empirical
intuition. Breeders matched stallions and mares based on performance records and phenotypic
conformation—the physical shape and proportions of the animal. While this approach successfully developed
distinct, specialized breeds across the globe, it operated with significant blind spots regarding hidden genetic
disorders, latent cardiovascular capabilities, and real-time metabolic stress.

In the contemporary era, equine management has evolved into a rigorous data-driven discipline.
Fueled by high-throughput DNA sequencing, wearable physiological sensors, and advanced veterinary
medicine, Equine Informatics allows breeders and sports scientists to analyze the physiological potential of
a horse down to its molecular composition. This integration of genomic selection and digital biometrics
transforms stable management from a reactive practice into a predictive science, ensuring optimal skeletal
development, safeguarding animal welfare, and elevating performance metrics to elite biological thresholds.

Core Scientific Pillars of Modern Equine Management

1. Equine Genomics and the Mapping of Athletic Loci

The modern foundation of selective horse breeding relies on identifying specific variations within the
equine genome (2n=64). By utilizing high-density single-nucleotide polymorphism (SNP) microarrays,
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geneticists can screen thousands of DNA markers simultaneously to identify specific athletic, structural, and
physiological traits.

Furthermore, material informatics and structural genomics are heavily applied to historical lineages,
such as the ancient Akhal-Teke breed. Scientists study the specific alleles responsible for their unique,
metallic hair structure—where the cellular core (medulla) of the hair shaft is naturally reduced, allowing light
to refract directly through the translucent cortex.

Phenotypic manifestation of specialized coat-cortex refraction in elite equine lineages.. Source: Wild
Jolie

Genomic screening also serves as a vital veterinary diagnostic tool, allowing breeders to systematically
identify and eliminate lethal recessive disorders like Naked Foal Syndrome (NFS) before pairing breeding
stock.

2. Biometric Informatics: Continuous loT Stable Telemetry

To maintain peak performance and prevent athletic injuries, modern stables implement biometric
monitoring networks. These systems utilize non-invasive loT sensors embedded within turnout gear, ultra-
wideband (UWB) tracking arrays, and computerized camera systems inside individual stalls.

Integrated loT stable telemetry tracking resting behaviors and respiratory baselines.. Source: stablel.ai

These sensor arrays establish an automated behavioral and physiological baseline for every horse. The
data streams are continuously parsed by diagnostic algorithms to track vital metrics:

3. Nutritional Science: Targeted Ergogenic Formulation

Optimizing a horse's genetic potential requires highly tailored nutritional biochemistry. Modern equine
diets are formulated based on precise metabolic energy calculations, factoring in body mass index, exercise
duration, and cellular recovery rates.

For horses requiring intensive muscle development and structural tissue repair, sports scientists design
high-density rations supplemented with branched-chain amino acids (BCAAs) like leucine, isoleucine, and
valine, which stimulate muscle protein synthesis via the mTOR pathway.

To support high-intensity training phases, diets are precisely supplemented with pure creatine
monohydrate or specialized fatty acids. This nutritional catalyst enhances phosphocreatine resynthesis
within skeletal muscles, delaying the onset of anaerobic glycolysis (lactic acid accumulation) and reducing
the recovery window following intense exercise.

4. Advanced Reproductive Technologies

To propagate elite genetics globally while ensuring the physical safety of breeding stock, contemporary
equine operations rely on advanced reproductive biology rather than natural live cover.

e Trans-Cervical Artificial Insemination (Al): Utilizing computer-assisted semen analysis (CASA) to
evaluate sperm progressive motility, morphology, and concentration before cryopreservation in liquid
nitrogen ($ -196M\circ\text{C} S).

e Embryo Transfer (ET): Flushing a fertilized blastocyst out of an elite donor mare seven to eight days
post-ovulation and non-surgically transferring it into a recipient mare. This preserves the athletic career of
the biological mother while allowing her to produce multiple offspring per season.

e Intracytoplasmic Sperm Injection (ICSI): Harvesting immature oocytes directly from a mare’s ovaries
via ultrasound-guided aspiration, maturing them in a laboratory incubator, and injecting a single selected
spermatozoon directly into the egg cytoplasm to create a viable embryo in vitro.

Conclusion

Equine husbandry has emerged from an era of traditional observation into a highly sophisticated
domain of biotechnology and informatics. By unifying high-resolution genetic mapping, real-time loT
biometric tracking, targeted bio-chemical nutrition, and micro-assisted reproductive technologies, modern
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equine science guarantees the long-term vitality of elite sport horses and ancient bloodlines. These animals
are no longer managed through generalized protocols; they are supported by individual, data-driven
frameworks designed to optimize their natural physiological mechanics, elevate their performance, and
safeguard their physical welfare.
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THE IMPORTANCE OF LOCAL MEDICINAL PLANTS IN ENRICHING LIVESTOCK FEED AND NUTRITION

Abstract
The escalating demand for sustainable animal agriculture, coupled with growing concerns over
synthetic feed additives and antibiotic resistance, has renewed scientific interest in ethno-veterinary
medicine. Local medicinal plants represent a biodiverse, cost-effective, and ecologically sound resource for
enhancing livestock nutrition and overall health. These plants are rich in bioactive compounds—such as
tannins, saponins, essential oils, and flavonoids—which act as natural growth promoters, antimicrobial
agents, and immunomodulators. Integrating local flora into ruminant and monogastric diets not only
improves feed conversion ratios and milk/meat quality but also mitigates enteric methane emissions,
contributing to environmental sustainability. This article explores the nutritional mechanisms of various
botanical families, evaluates their practical application in livestock production, and discusses the challenges
of standardization and safety in sustainable farming ecosystems.
Keywords:
medicinal plants, livestock nutrition, phytogenic feed additives, sustainable agriculture,
ethno-veterinary medicine, gut health.

Introduction
Modern livestock production stands at a critical crossroads. For decades, the global animal husbandry

19



AKAJEMUYECKOE USAOATENBCTBO «HAYHYHAA APTE/1Ib» HAYYHO-U3OATENbCKUIA LLEEHTP «ASTEPHA»

sector relied heavily on sub-therapeutic doses of antibiotic growth promoters (AGPs) to maximize feed
efficiency, accelerate growth rates, and manage herd health. However, the emergence of multi-drug resistant
bacterial strains and the presence of chemical residues in meat, milk, and eggs have prompted strict global
bans and restrictions on AGP usage. Consequently, animal scientists and farmers are urgently seeking safe,
viable, and natural alternatives that can sustain high production levels without compromising animal welfare
or human food safety. Among the most promising solutions is the strategic incorporation of local medicinal
plants and their derivatives—collectively known as phytogenic feed additives (PFAs) or botanicals—into
livestock diets.

Local medicinal plants have been the cornerstone of ethno-veterinary practices for millennia.
Indigenous farming communities across the globe have historically utilized native herbs, shrubs, and tree
leaves to treat ailments and boost the vitality of their herds. Today, this traditional wisdom is being validated
by rigorous scientific inquiry. Local flora offers a diverse cocktail of secondary metabolites—including
polyphenols, alkaloids, terpenoids, glycosides, and essential oils—that go far beyond basic macronutrient and
micronutrient provision. When strategically introduced into animal feed, these bioactive compounds interact
dynamically with the animal’s physiological systems, optimizing gastrointestinal function, modulating the
immune system, and improving metabolic efficiency.

One of the primary mechanisms through which medicinal plants enrich livestock nutrition is the
enhancement of gut health. The gastrointestinal tract is the central engine of animal productivity; its
efficiency directly dictates nutrient digestion, absorption, and overall metabolic homeostasis. Phytogenic
compounds from local plants, such as thyme (Thymus vulgaris), oregano (Origanum vulgare), and garlic
(Allium sativum), possess potent antimicrobial properties. They selectively suppress pathogenic gut bacteria
like Escherichia coli and Clostridium perfringens while sparing beneficial lactic acid bacteria. This microbial
stabilization reduces the incidence of subclinical enteritis, minimizes the cellular turnover of the intestinal
lining, and ensures that energy and amino acids are directed toward muscle accretion and milk synthesis
rather than immune defense and tissue repair. Furthermore, many medicinal plants stimulate the secretion
of endogenous digestive enzymes (such as amylase, trypsin, and lipase) and bile acids, thereby drastically
improving the bioavailability and digestibility of raw feed ingredients.

Beyond basic digestion, the inclusion of local medicinal plants addresses a critical environmental and
nutritional challenge in ruminant nutrition: enteric fermentation efficiency. Ruminants (cattle, sheep, and
goats) rely on a complex symbiotic microbial ecosystem in the rumen to break down fibrous plant biomass.
However, this process inherently results in the production of methane (SCH_4S), which represents a loss of
gross energy intake ranging from 2% to 12%, alongside contributing to greenhouse gas emissions.

Local plants rich in condensed tannins and saponins, such as Alfalfa, Lotus corniculatus, or various
native acacia species, offer a natural mechanism to modify this fermentation process. Saponins can selectively
reduce protozoal populations in the rumen, which are symbiotically linked with methanogenic archaea.
Meanwhile, moderate levels of condensed tannins bind temporarily to dietary proteins, protecting them from
excessive microbial degradation in the rumen. This "bypass protein" travels directly to the abomasum and
small intestine, where it is efficiently absorbed by the animal. Consequently, nitrogen utilization is optimized,
urinary nitrogen excretion is lowered, and animal performance is amplified using the same baseline volume
of feed.

The antioxidant potential of local botanicals also plays a pivotal role in maintaining livestock health
under intensive production conditions. Environmental stressors, such as high ambient temperatures,
crowding, and dietary transitions, induce oxidative stress in animals, leading to cellular damage and
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suppressed immunity. Local plants rich in flavonoids and phenolic acids (such as rosemary, milk thistle, and
green tea wastes) act as powerful free radical scavengers. By upregulating the animal’s endogenous
antioxidant enzymes, such as superoxide dismutase and glutathione peroxidase, these plants safeguard
cellular integrity. In dairy cows, this translates directly to a reduction in somatic cell counts in milk and an
increased resistance to mastitis. In poultry and swine, dietary antioxidants prevent lipid peroxidation in
tissues, effectively extending the shelf-life and sensory quality of meat products post-slaughter.

Importantly, utilizing local medicinal plants rather than imported commercial synthetic additives
presents profound socio-economic and ecological advantages. Local plants are naturally adapted to regional
soil types, rainfall patterns, and pest pressures, requiring minimal agricultural inputs to cultivate. For
smallholder and medium-scale farmers, harvesting or cultivating native botanicals reduces reliance on costly,
imported commercial feed supplements, lowering overall production costs. It fosters regional bio-economies,
preserves traditional agricultural heritage, and promotes agrobiodiversity. Instead of monocultural feed
production, integrating medicinal hedgerows, silvopastoral systems, or cover crops enhances soil health and
creates resilient farming ecosystems capable of buffering climate volatility.

However, the transition toward widespread adoption of local medicinal plants in feed formulation is
not without hurdles. The concentration of bioactive compounds in plants is highly variable, influenced by
geographical location, harvesting season, plant maturity, and processing techniques (e.g., drying, milling, or
extraction). Underexpressed or overexpressed concentrations can lead to inconsistent animal performance
or, in severe cases, anti-nutritional and toxic effects. For example, while low levels of tannins improve protein
bypass, excessive levels severely depress feed intake and dry matter digestibility due to unpalatability.
Therefore, future research must prioritize the standardization of local botanical processing, establish safe
inclusion thresholds for diverse livestock species, and develop accessible quality-control metrics for rural
farmers.

In conclusion, local medicinal plants represent an invaluable, underutilized toolkit for the evolution of
sustainable animal nutrition. By blending historical ethio-veterinary insights with cutting-edge animal
physiology, the livestock industry can transition away from chemical dependencies toward a holistic, plant-
based nutritional paradigm. Investing in the research, cultivation, and strategic deployment of native flora is
a definitive step toward achieving food security, superior animal welfare, and eco-friendly agricultural
productivity.
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GENETIC RESEARCH IN EQUINE SCIENCE: PRESERVING THE PEDIGREE
AND HEALTH OF PUREBRED HORSES

Abstract
Modern equine science is undergoing a profound revolution driven by advancements in genomics. For

centuries, the preservation of purebred horse breeds relied strictly on traditional studbooks and phenotypic
selection. While this meticulous record-keeping successfully fixed desirable traits, it inadvertently created
genetic bottlenecks, rising inbreeding coefficients, and an increased prevalence of hereditary disorders. This
article explores how contemporary genetic research—including whole-genome sequencing, genome-wide
association studies (GWAS), and advanced parentage testing—is being utilized to safeguard both the pedigree
integrity and the physical health of purebred horses. By balancing the historical demands of breed standards
with modern conservation genetics, researchers and breeders can mitigate genetic diseases, manage
diversity, and ensure the long-term viability of these iconic animals.
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Introduction

Horses have played an indispensable role in human civilization, evolving from beasts of burden and
instruments of war into elite athletes, companion animals, and symbols of cultural heritage. Over the last few
centuries, the management of equine populations shifted toward the formalization of "closed" studbooks.
Breeds such as the Thoroughbred, Arabian, Friesian, and Quarter Horse were established by selecting
individuals that conformed to highly specific physical or performance criteria. While this selective breeding
fixed exceptional traits—such as the explosive speed of the Thoroughbred or the distinct morphology of the
Arabian—it also isolated these populations genetically.

In the 21st century, equine science has had to confront the biological consequences of these closed
breeding practices. The reliance on popular sires (the "popular sire effect") and intensive linebreeding has led
to a sharp decline in genetic diversity across major purebred lines. This restriction of the gene pool manifests
as inbreeding depression, which negatively impacts fertility, immune response, and overall structural
soundness. Furthermore, it has allowed deleterious recessive mutations to propagate silently through
generations, only to emerge as devastating hereditary disorders.

Fortunately, the completion of the functional equine genome sequence has provided scientists with
the tools necessary to look beneath the surface. Today, genetic research in equine science is no longer just
an academic pursuit; it is a critical diagnostic and management framework. By integrating molecular genetics
into traditional breeding philosophies, modern equine science seeks to achieve a delicate equilibrium:
preserving the historic pedigree and distinct characteristics of purebred horses while aggressively managing
their genetic health and biodiversity.
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The Architecture of the Equine Genome and Pedigree Verification

The domestic horse (Equus caballus) possesses 32 pairs of chromosomes ($2n = 64S). Understanding
this genomic architecture has revolutionized the way pedigrees are verified. For decades, blood typing was
the gold standard for parentage verification, but it lacked the resolution to resolve complex lineage disputes
or deeply analyze genetic relationships.

The introduction of Microsatellite or Short Tandem Repeat (STR) analysis provided the first highly
accurate DNA profiling method. STRs utilize specific, repetitive sequences of DNA that vary greatly among
individuals. By comparing the STR profiles of a foal, dam, and sire, breed registries could guarantee pedigree
authenticity with a statistical confidence exceeding 99%.

More recently, Single Nucleotide Polymorphism (SNP) technology has begun supplanting STRs. SNPs
represent variations in a single nucleotide base pair and occur millions of times across the equine genome.
High-density SNP chips allow researchers to scan tens of thousands of genetic markers simultaneously. This
provides a microscopic view of an individual horse’s genome, allowing registries not only to confirm parentage
but also to calculate the genomic inbreeding coefficient. Unlike traditional pedigree-based calculations, which
estimate inbreeding based on theoretical inheritances from paper records, genomic testing reveals the actual
percentage of homozygous chromosomal regions, uncovering hidden genetic risks even in well-documented
bloodlines.

Mapping and Mitigating Hereditary Disorders

One of the most impactful applications of equine genetic research is the identification of mutations
responsible for hereditary diseases. Many purebred lines are plagued by breed-specific conditions that cause
severe suffering, economic loss, or premature death. Through Genome-Wide Association Studies (GWAS),
researchers compare the DNA of affected horses against healthy controls to pinpoint the exact genetic loci
responsible for these pathologies.

Notable breakthroughs include the mapping of:

¢ Hyperkalemic Periodic Paralysis (HYPP): A dominant voltage-gated sodium channel mutation tracing
back to a single prominent Quarter Horse stallion, causing severe muscle tremors and paralysis.

¢ Severe Combined Immunodeficiency (SCID): A fatal recessive disorder in Arabian horses that leaves
foals without a functioning immune system.

e Hydrocephalus and Dwarfism: Recessive conditions heavily prevalent in Friesian horses, linked to
specific developmental gene mutations aggravated by a highly restricted founding population.

The development of commercial diagnostic DNA tests for these and dozens of other conditions has
transformed breeding strategies. Rather than guessing which pairs might produce an affected foal, breeders
can now screen carrier animals. Armed with this data, they can avoid carrier-to-carrier matings, systematically
reducing the incidence of the disease without completely eliminating valuable individuals from the gene pool,
which would further shrink genetic diversity.

Balancing Selection for Performance with Genetic Health

A major challenge in purebred management is that selection pressure is often hyper-focused on
performance or cosmetic traits. In Thoroughbred racing, for instance, selection for speed has led to the
proliferation of specific performance-linked alleles, such as mutations in the myostatin gene (the "speed
gene"), which dictates muscle mass and fiber composition.

However, intense selection for performance often correlates with unintended health trade-offs. Horses
selected for extreme speed or hyper-mobility may carry a higher genetic predisposition for musculoskeletal
injuries, exercise-induced pulmonary hemorrhage (EIPH), or developmental orthopedic diseases (DOD) like
osteochondrosis dissecans (OCD).

Equine geneticists are currently working to map the polygenic nature of these complex health traits.
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Because conditions like OCD or recurring airway obstruction (heaves) are influenced by multiple genes
working in tandem with environmental factors, managing them requires sophisticated genomic selection
models. These models allow breeders to select against disease susceptibility markers while still maintaining
the athletic prowess that defines the breed.

The Future of Equine Conservation Genetics

As equine science moves forward, technologies like Next-Generation Sequencing (NGS) and CRISPR-
based gene editing are shifting from theory to reality. Whole-genome sequencing allows for the
comprehensive cataloging of all genetic variants within a breed, offering an unprecedented look at historical
migration, breed evolution, and ancestral foundations.

Furthermore, biobanking and cryopreservation of genetic material (semen, oocytes, and tissue
samples) from genetically diverse or historically significant lineages act as a biological insurance policy. If a
breed reaches a critical tipping point of inbreeding depression, these biobanks, guided by genomic data, can
introduce lost alleles back into the living population.

Ultimately, preserving purebred horses in the modern era requires a departure from the strict insularity
of the past. Genetic research does not seek to dilute the identity of purebred horses; rather, it provides the
precise tools necessary to save them from the biological limitations of their own isolation. By embracing
genomic management, the equine industry ensures that these magnificent animals remain healthy,
functional, and structurally sound for generations to come.
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Abstract
This article explores the integration of modern interactive teaching methods in mathematics education
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within primary and secondary vocational institutions. As vocational education shifts toward competency-
based frameworks, traditional, rote-learning mathematical pedagogy often fails to engage students or
demonstrate practical relevance. Interactive methods—such as problem-based learning, case studies,
gamification, and computer-aided simulation—bridge the gap between abstract mathematical theories and
professional applications. This study analyzes the pedagogical benefits, implementation challenges, and
overall effectiveness of these methods in fostering mathematical competence and critical thinking among
vocational students.
Keywords:
mathematics education, interactive teaching, vocational education, gamification,
problem-based learning, digital tools.

Introduction

The landscape of professional education is undergoing a profound transformation. In an era driven by
rapid technological advancements, industrial automation, and the digitization of the global economy, the
requirements for graduates of primary and secondary vocational education institutions have evolved.
Employers no longer seek individuals who merely possess isolated technical skills; instead, they demand a
workforce capable of analytical thinking, rapid adaptation, and complex problem-solving. At the core of these
modern professional competencies lies mathematics. Mathematics serves not only as a foundational
academic discipline but also as a critical tool for cognitive development and a functional instrument utilized
across various technical fields, from engineering and construction to information technology and agriculture.

Despite its undeniable importance, mathematics education in vocational settings faces deep-seated,
systemic challenges. Historically, students entering primary and secondary vocational schools display lower
levels of motivation and achievement in mathematics compared to their peers in academic tracks. Many
vocational students perceive mathematics as an abstract, rigid, and isolated discipline completely
disconnected from their future professions. Traditional teaching methodologies—characterized by passive
lectures, repetitive mechanical drills, and a teacher-centric environment—frequently exacerbate this
alienation. When a student training to be an agricultural technician or an automotive mechanic is forced to
memorize abstract algebraic theorems without understanding their practical utility, engagement plummets,
and the learning outcomes stagnate.

To overcome this pedagogical disconnect, vocational education must transition from passive
transmission models to active, student-centered paradigms. Modern interactive teaching methods offer a
promising solution to this challenge. Interactive learning is rooted in dialogic communication, collaborative
problem-solving, and the active involvement of students in their own cognitive processes. Unlike traditional
methods where the instructor acts as the sole source of knowledge, interactive pedagogy transforms the
teacher into a facilitator, mentor, and designer of dynamic learning environments. By embedding
mathematical concepts into realistic professional contexts and leveraging digital technologies, interactive
methods stimulate intellectual curiosity and demonstrate the immediate, practical value of mathematics.

Theoretical Foundations and the Essence of Interactivity

The conceptual framework of interactive learning is heavily drawn from constructivist educational
theories, primarily those developed by Lev Vygotsky, Jean Piaget, and John Dewey. These theorists argued
that meaningful learning occurs when students actively construct knowledge through experience, social
interaction, and problem-solving, rather than passively absorbing information. In the context of vocational
mathematics, interactivity manifests at multiple levels:

¢ Student-to-Content Interactivity: Students manipulate mathematical models, alter variables in
digital simulations, and directly observe the practical consequences of mathematical laws.
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¢ Student-to-Student Interactivity: Through collaborative group work, peer tutoring, and
mathematical debates, students articulate their reasoning, defend their solutions, and learn from diverse
problem-solving approaches.

¢ Student-to-Teacher Interactivity: The instructor provides real-time, formative feedback, steering
discussions and asking scaffolding questions rather than simply providing the correct answers.

By establishing these multi-directional channels of communication, interactive methods break down
the psychological barriers associated with the "fear of mathematics," transforming a traditionally intimidating
subject into an accessible, collaborative exploration.

Key Interactive Methods in Vocational Mathematics

Several interactive methodologies have proven highly effective in primary and secondary vocational
mathematics classrooms. Among the most impactful is Problem-Based Learning (PBL). In PBL, the learning
process begins not with a theorem, but with a complex, ill-defined, real-world problem derived directly from
the students' vocational field. For example, students specializing in construction might be tasked with
calculating the material requirements, structural load distributions, and cost optimization for a building
project. To solve this problem, they must independently discover, analyze, and apply concepts of geometry,
trigonometry, and linear optimization. This contextual approach shifts the student’s mindset from asking
“"Why do | need to learn this?" to realizing "I cannot solve this professional task without this mathematical
tool."”

Another vital methodology is the Case Study Method. Originally popularized in business and medical
education, case studies in mathematics involve the deep analysis of a specific, real-world scenario that
requires quantitative decision-making. Students examine data sets, diagnose errors in technical processes, or
evaluate economic risks using statistical tools. This method cultivates critical thinking, as students must
determine which mathematical formulas are relevant to the situation, rather than blindly applying a formula
provided at the top of a textbook worksheet.

Gamification and Game-Based Learning have also gained significant traction, especially with the
current generation of digitally native students. Integrating educational games, digital quizzes (such as Kahoot
or Quizizz), and competitive mathematical simulations introduces an element of healthy competition and
play. Gamification taps into intrinsic and extrinsic motivational drivers through points, badges, leaderboards,
and immediate feedback loops. More importantly, it provides a safe environment where failure is treated not
as a punitive grade, but as a natural, iterative step toward mastering a concept.

Furthermore, the integration of Computer-Aided Simulations and Digital Math Tools (such as
GeoGebra, Desmos, or specialized CAD software) has revolutionized the visualization of mathematical
concepts. Abstract functions, calculus, and three-dimensional geometry come alive when students can
dynamically manipulate graphs and see geometric transformations in real-time. For vocational fields like
electrical engineering or agriculture, simulations allow students to model crop yield predictions based on
variable inputs or analyze alternating current waveforms mathematically, safely bridging theory and physical
application.

Challenges and Strategies for Implementation

While the benefits of interactive methods are extensive, theirimplementation in vocational institutions
is not without obstacles. One major barrier is the traditional mindset of educators, many of whom are
accustomed to lecture-based delivery and may lack training in interactive instructional design. Additionally,
developing high-quality, vocationally-oriented mathematical tasks requires substantial time, effort, and cross-
disciplinary collaboration between mathematics instructors and vocational technical teachers.

To successfully integrate these methods, educational institutions must invest in continuous
professional development for teachers, focusing on digital literacy and interactive methodologies. Curriculum

26



HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

designers must systematically align math syllabi with core professional modules, ensuring that mathematical
topics are introduced precisely when they are needed in technical workshops.

Conclusion

Modern interactive methods of teaching mathematics represent a vital paradigm shift in primary and
secondary vocational education. By transforming mathematics from a dry, abstract chore into an interactive,
career-relevant discipline, these methods dramatically improve student motivation, retention, and
performance. As vocational education continues to adapt to the demands of a high-tech workforce, the
widespread adoption of interactive mathematical pedagogy will be essential to equipping future specialists
with the robust analytical competencies they need to succeed.
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HISTORICAL AND CULTURAL FOUNDATIONS OF TURKMEN NATIONAL EMBROIDERY
ART AND THE SEMANTICS OF ORNAMENTS

Abstract

This article explores the deep historical, cultural, and spiritual foundations of traditional Turkmen
embroidery (keshde). Passed down through generations of women, this unique decorative applied art serves
as a visual language reflecting the worldview, social structures, and ecological adaptations of the Turkmen
people. The study systematically analyzes the semantic evolution of core embroidery patterns (gols and
ornyks), tracing their origins from ancient regional civilisations, through the nomadic tribal era, to their
integration into modern cultural heritage. By examining the symbolic meanings embedded in geometric,
zoomorphic, and vegetative motifs, the article decodes how these designs function as protective amulets,
identifiers of lineage, and expressions of cosmic order. Ultimately, this research highlights the enduring vitality
of Turkmen embroidery as an UNESCO-recognized element of humanity's intangible cultural heritage.

Keywords:
turkmen embroidery, keshde, semantics of ornaments, tribal identity, Central Asian textiles, protective
amulets, cultural heritage, zoomorphic motifs.
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Introduction

The traditional arts of Central Asia offer a profound window into the historical consciousness of its
nomadic and sedentary peoples. Among these, the Turkmen national art of embroidery, locally known as
keshde, stands as one of the most vivid, complex, and philosophically dense forms of material culture. Far
from being a mere decorative pastime, Turkmen embroidery is an intricate system of visual communication,
a repository of historical memory, and a living testament to the spiritual life of the Turkmen nation. For
centuries, the secrets of this craft have been passed down from mother to daughter, preserving not just
technical mastery but a profound worldview encoded in silk and wool threads.

To understand the historical-cultural foundations of Turkmen embroidery, one must look at the unique
geographical and historical landscape of Turkmenistan. Situated at the crossroads of ancient trade routes,
including the Silk Road, the territory of modern Turkmenistan has witnessed the fusion of diverse artistic
traditions. From the ancient agricultural civilizations of Anau and Margiana (BMAC) to the nomadic empires
of the Parthians, Seljuks, and subsequent Oghuz tribal confederations, each era left an indelible mark on the
region's aesthetic landscape. Turkmen embroidery absorbed these varied influences, transforming them
through the lens of a nomadic pastoralist lifestyle into a highly stylized, abstract, and deeply symbolic
language.

The primary medium for this art form has historically been hand-spun silk, dyed with natural pigments
derived from madder roots, walnut shells, pomegranate skins, and indigo. The vibrant red background—
known as gyzyl keshde—dominates Turkmen textiles, symbolizing fire, blood, life-force, and the sun. Against
this fiery backdrop, a meticulous arrangement of geometric, zoomorphic (animal-like), anthropomorphic
(human-like), and vegetative ornaments is executed using distinct stitching techniques like basma (couching
stitch), kurte (loop stitch), and kojme. Each stitch is a deliberate act of creation, carrying specific intentions of
protection, blessing, and communal identification.

The Tribal Matrix and Social Functions of Embroidery

In traditional Turkmen society, textiles and embroideries were deeply intertwined with the social fabric,
acting as visual markers of tribal affiliation, age, marital status, and social role. Each major Turkmen tribe —
including the Teke, Yomut, Ersari, Saryk, Salor, and Choudur—developed its own distinctive artistic dialect.
While sharing a common grammar of symbols, each group utilized specific variations in color palettes, layout
density, and preferred ornamental motifs.

[Central Oghuz Traditions] —> [Tribal Integration (Teke, Yomut, Ersari)] —> [Modern Unified Turkmen
Aesthetic]

(Distinct Color Palettes) (Unique Stitch Styles)

Embroidery accompanied a Turkmen from birth to the grave, functioning as a silent narrator of life
transitions. A young girl began learning the craft in early childhood, as her proficiency would directly influence
her standing within the community and her readiness for marriage. Her masterwork was her bridal trousseau,
particularly the kurte (a ceremonial bridal cape) and the chyrpy (a sleeveless mantle worn over the head). The
color of the chyrpy changed according to a woman's age and stage in life:

e Green or Yellow: Worn by young married women, representing youth, fertility, and the flourishing of
new life.

e White: Worn by elder matriarchs who had passed the age of fifty, symbolizing spiritual purity,
wisdom, and respect within the clan.

Beyond its role as a social marker, embroidery possessed an existential function: it was inherently
apotropaic, meaning it was designed to ward off evil spirits (erbet ruhlar), sickness, and the "evil eye" (goz-
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nagar). Because nomads lived in constant interface with the unpredictable forces of nature, they sought to
fortify their immediate environments. Every vulnerable opening of a garment—the collar (yaka), the cuffs,
the hem, and the seams—was densely embroidered with protective bands. The collar embroidery (yaka
keshde), in particular, was treated with sacred reverence, sealing the wearer’s throat against unseen physical
and spiritual dangers.

Deciphering the Semantics of Turkmen Ornaments

The True genius of Turkmen embroidery lies in its ornamental semantics. An ornament is not an
arbitrary decoration; it is a text meant to be read. Over millennia, the realistic representations of animals,
plants, and celestial bodies were stylized and geometricized, reduced to their essential linear and symbolic
forms. This abstraction allowed complex philosophical ideas to be condensed into compact, repeatable
designs known as gols or dagdans.

One of the most ubiquitous and archaic motifs in Turkmen embroidery is the Dagdan (often resembling
an stylized arrowhead or a double-headed axe). Named after the sacred dagdan tree (Celtis australis, or holy
wood), this geometric motif is the ultimate symbol of protection. It represents strength, endurance, and
spiritual immunity. It is commonly embroidered onto children’s clothing, amulets (tumars), and the collars of
everyday dresses to guard the wearer against misfortune.

Zoomorphic motifs occupy a central place in the embroidery lexicon, reflecting the nomadic
pastoralist's intimate bond with animal life and ancient totemic beliefs:

e Gochak (Ram's Horns): The ram (goch) was a sacred animal throughout Central Asia, embodying
strength, masculinity, wealth, and divine blessing (kut). In embroidery, the gochak motif appears in countless
variations, sometimes forming large central compositions, other times framing the edges of fields. It
represents a prayer for the multiplication of flocks and the preservation of the family line.

e Gush Guzi (Bird's Eye) and Teke Goz (Goat's Eye): These small, repetitive diamond-shaped or dotted
patterns simulate the vigilant gaze of animals. They are deliberately placed to catch and deflect the harmful
glare of an envious onlooker.

e Aparmdy (Camel's Footprint): Reflecting the critical reliance on camels for survival and transport
across the Karakum Desert, this motif signifies safe journeys, endurance, and prosperity.

Vegetative and cosmological motifs further enrich this symbolic tapestry. The barmak (finger-like
pattern) and various stylized depictions of tulips (¢aryk), pomegranates, and budding trees celebrate fertility,
the cyclical renewal of nature, and the desire for numerous offspring. Linear zigzag patterns often represent
running water (suw yoly), a precious element in arid regions, signifying life, movement, and the flow of time.

In the modern era, the Turkmen national art of embroidery has successfully transitioned from a
utilitarian domestic necessity to a recognized treasure of global cultural heritage. In December 2022, "The Art
of Turkmen Embroidery" was officially inscribed on the UNESCO Representative List of the Intangible Cultural
Heritage of Humanity. Today, contemporary Turkmen designers and artisans continue to draw inspiration from
these historical roots, integrating ancient semantic codes into modern fashion and textiles, ensuring that the
silent, thread-bound language of their ancestors remains vibrant and understood in the twenty-first century.
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COMPLEX ADAPTIVE SYSTEMS AND COGNITIVE SCAFFOLDING IN MODERN OPERATIONAL MANAGEMENT

Abstract

The field of operational management is undergoing a significant transition, moving away from classic
deterministic tracking systems toward the principles of Complex Adaptive Systems (CAS). This article explores
the contemporary structural frameworks defining organizational design and management science: the
decentralized transition from rigid corporate hierarchies to fluid holacratic networks, the deployment of real-
time predictive analytics pipelines, the psychological curation of operational agility, and the strategic
implementation of cognitive scaffolding within digital workspaces. Together, these methodologies enable
modern enterprises to transform chaotic market disruptions into structured operational advantages.

Keywords:
operational management, complex adaptive systems, organizational design, decentralized governance,
predictive analytics, cognitive scaffolding, psychological safety.

Introduction

For over a century, corporate management operated under the assumption of structural predictability.
Rooted in the principles of Taylorism and classical bureaucracy, enterprises built rigid functional silos, utilized
centralized command-and-control communication loops, and relied on static annual forecasting models.
While this linear approach built the asset-heavy production lines of the industrial age, it creates severe
structural bottlenecks within today’s hyper-connected, digital economic ecosystem.

In the current era, organizational survival depends on an enterprise's capacity for rapid, decentralized
self-organization. Driven by compressed product lifecycles, volatile international trade streams, and a highly
mobile global workforce, modern management has evolved from an administrative system of static
supervision into an exact science of ecosystem design. Today, forward-thinking managers no longer attempt
to force compliance; instead, they focus on building adaptive environments that optimize cognitive
efficiency, foster psychological security, and enable rapid frontline decision-making.

Core Theoretical Pillars of Modern Management Science

1. Managing through the Lens of Complex Adaptive Systems

A major shift in contemporary organizational theory is the treatment of an enterprise not as a
predictable machine, but as a Complex Adaptive System (CAS). In a machine, the individual parts are fixed
and their interactions are completely linear. In a CAS—such as an ecosystem, a biological colony, or a modern
global corporation—the individual agents are autonomous, their interactions are non-linear, and the system
as a whole continuously learns and evolves in response to external environmental pressures.

By recognizing this systemic reality, contemporary managers are replacing rigid corporate pyramids
with decentralized, network-centric organizational designs. Popularized through frameworks like Holacracy
and scaled Agile methodologies, this architecture organizes an enterprise into autonomous, cross-functional
cells or circles. These teams possess full budgetary clearance and technical authority over localized product
outcomes.
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Executive leadership shifts its role from micromanaging daily operational tasks to establishing clear
macro-level strategic intent and setting behavioral guardrails, allowing the system to naturally self-organize
around emerging market opportunities.

2. Predictive Data Informatics: Real-Time Operational Orchestration

Modern managerial decision-making has outgrown the use of retrospective financial reporting. Relying
on end-of-month or end-of-quarter performance metrics to guide corporate strategy places an enterprise in
a permanently reactive posture, leaving it highly vulnerable to sudden market shifts.

Modern operations management utilizes advanced predictive analytics pipelines and continuous data
aggregation dashboards. These systems pull unstructured data from every layer of the corporate supply
chain, translating raw operational vectors into actionable, forward-looking insights:

By relying on predictive dashboards, management transitions from historic post-mortem analysis to
real-time simulation. This capability enables leaders to stress-test various strategic responses before
committing capital, reducing overall organizational risk.

3. Curation of Agility Through Psychological Safety

In highly volatile business environments, the greatest threat an enterprise faces is silent operational
failure—a state where frontline employees observe systemic errors, shifting consumer preferences, or
ethical risks but choose not to voice them due to fear of professional repercussions.

Consequently, contemporary organizational management treats psychological safety not as an
abstract human resource metric, but as a critical operational security parameter.

When management systematically removes fear from the corporate culture, team members report
micro-failures early, question flawed operational assumptions, and share experimental data transparently.
This psychological baseline shortens the organizational learning loop, allowing the enterprise to correct
course before localized missteps cascade into systemic corporate crises.

4. Cognitive Scaffolding and Digital Workspaces

As repetitive physical tasks continue to be automated, the primary role of contemporary management
is to optimize the focus and creative output of knowledge workers. Modern management addresses this
through cognitive scaffolding—the practice of structuring digital environments, tools, and workflows to
minimize cognitive load and protect human attention from fragmentation.

To combat the mental fatigue caused by constant digital notifications and continuous internal
meetings, management teams are instituting disciplined asynchronous communication protocols:

e Asynchronous-First Defaults: Restricting synchronous, live video meetings strictly to complex, cross-
functional brainstorming sessions, while relying on structured, documentation-first repositories for status
tracking and data updates.

e Deep-Work Windows: Establishing company-wide blocks of uninterrupted time where internal
messaging platforms are muted, allowing engineers, financial analysts, and designers to dedicate continuous
cognitive focus to complex problem-solving.

Conclusion

The architecture of contemporary management has advanced beyond the parameters of manual
tracking and administrative control. By viewing an enterprise as a Complex Adaptive System, deploying
predictive data informatics, normalizing psychological security, and engineering digital spaces for cognitive
ergonomics, modern management builds highly resilient structures. Managers are no longer simple authority
figures tasked with enforcing static processes; they are systems architects who design dynamic corporate
ecosystems, providing the structural agility and mental clarity required for human enterprises to thrive within
an unpredictable world.
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r. HoBocnbupck, PO

CTPYKTYPA 3ATPAT B CTPOUTE/IbCTBE: SKOHOMMWYECKUI AHANU3, MATEMATUYECKOE
MO/JENIMPOBAHUE N TEOAE3NYECKOE OBECNEYEHUE NPOEKTOB

AHHOTauuA

B cTaTbe paccmaTpumBatoTc 0CO6eHHOCTU GOPMUMPOBAHMA CTPYKTYPbl 3aTPAT B CTPOUTENIbHON OTPAC/M
C YY4ETOM COBPEMEHHbIX SKOHOMUYECKUX YCnoBU. MpoBeaeH aHaAn3 KatoueBblX GpaKTOpPOB, BAMAIOLMX Ha
YPOBEHb W COCTAB 3aTPaT B CTPOUTENbHbIX MPOEKTax, BKAOYAA TEXHONOrMYeckme, OpraHmM3aumoOHHble U
reogesnyeckme acnektbl. Ocoboe BHMMaHME YAENEHO TMPUMEHEHUID MEeTOAOB MaTEMaTUYECKOro
MOAENINPOBAHMNA ANA OUEHKM M ONTUMM3AUMM 3aTPaT, a TaKXKe WMHTEerpaumm reofesmyecknx AaHHbIX B
cMCTeMy ynpasneHua npoekTamm. OB6OCHOBaHa 3HAYMMOCTb KOMMJIEKCHOrO MOAXO4a, COYEeTaloLLero
3KOHOMWYECKMI aHanu3, uMdpoBble TEXHONOMMU U reofe3nyeckoe obecneyeHne, A1 NOBbIWEHUA
3pPEKTUBHOCTU CTPOUTENBHOFO NPOMU3BOACTBA U CHMMXKEHUA MU3AEepPKeK. Pe3ynbTaTbl MCCAef0BaHUA MOTYT
6bITb MCMO/Ib30BaHbI NPU pPa3paboTKe 1 peannsaLmm MHBECTULLMOHHO-CTPOUTE/bHbIX NPOEKTOB.

Kniouesble cnosa:
CTPYKTYpa 3aTparT, CTPOUTE/IbCTBO, SKOHOMMUYECKUIM aHANN3, MaTEMATUUYECKOE MOAENNPOBAHME,

reogesnyeckoe o6ecnequme, ONTUMU3aUMNA 3aTpaT, CTPOUTE/IbHbIE NPOEKTbI, yNpaBaeHWNe 3aTpaTaMu.
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COST STRUCTURE IN CONSTRUCTION: ECONOMIC ANALYSIS, MATHEMATICAL MODELING
AND GEODETIC SUPPORT OF PROJECTS

Abstract

The article examines the features of cost structure formation in the construction industry under
modern economic conditions. The study analyzes key factors influencing the level and composition of costs
in construction projects, including technological, organizational, and geodetic aspects. Special attention is
paid to the application of mathematical modeling methods for cost evaluation and optimization, as well as
to the integration of geodetic data into project management systems. The importance of an integrated
approach combining economic analysis, digital technologies, and geodetic support is substantiated to
improve the efficiency of construction processes and reduce costs. The results of the study can be applied in
the development and implementation of investment and construction projects.

Key words:
cost structure, construction, economic analysis, mathematical modeling, geodetic support,
cost optimization, construction projects, cost management.

BsepgeHue

CoBpemMeHHOE pasBUTUE CTPOUTENIbHON OTPaAC/IN XapaKTepu3yeTcs pPOCTOM KanWUTa/JI0EMKOCTU
NPOEKTOB, YC/NOXHEHWEM TEXHO/NIOTMN M NOBbiWEHUEM TpeboBaHW K 3PPEKTUBHOCTU WUCMONb30BaHUSA
pecypcoB. B ycnoBuAx HecTabunbHOM 3KOHOMMYECKOW cpedbl U aKTUBHOW UUPpPOBM3aLMKM 0COBYIO
3HAYMMOCTb NpuobpeTaeT pauMoHaNbHOE yNpaB/ieHMe CTPYKTypol 3aTpaT. Ha ¢dopmupoBaHMe UTOroBoi
CTOMMOCTN CTPOUTENIbCTBA BAMAIOT HE TOJIbKO 3KOHOMUYECKMe (aKTopbl, HO M KAYeCTBO MPOEKTHbIX
pelleHuii, ypoBeHb reoAesnMyeckoro obecrneyeHus, a TaKKe NpUMeHeHMe MeToA0B MaTemMaTM4YecKoro
moaennpoBaHuAa. HepoctaToyHOe BHMMaHME K AaHHbIM acnekTam MOXKeT NpPUMBeCTM K nepepacxony
pPecypcoB M CHUMeHUO 3PPEeKTUBHOCTU peanmsaunm CTPOUTENbHbIX MPOEKTOB, YTO onpeaenset
AKTYa/IbHOCTb HACTOALLErO NCCNea0BaHMA.

LUenbto paboTbl sBAAETCA UCCnef0BaHME CTPYKTYPbI 3aTPaT B CTPOUTENbCTBE M pa3paboTka noaxonos
K MX ONTMMM3ALUM HA OCHOBE MNPUMEHEHMA 3SKOHOMMYECKOro aHa/au3a, MeTo40B MaTeEMATUYECKOro
MOJEeNnpoBaHMA N yyeTa reogesnyeckoro obecneyeHums.

Onsa pocTuKeHns NocTaBAeHHOM Lenn B paboTte pellatoTcs cieaytolme 3a4auu:

1. PacKkpbITb 0cobeHHOCTU popMUpPOBaHUNSA 3aTpaT B CTPOUTENLCTBE;

2. lMpoaHannsnpoBaTb GaAKTOPbI, BAMAIOLWME HA UX CTPYKTYPY;

3. MNaccmoTpeTb MeToabl IKOHOMMUYECKOrO aHaM3a U MaTeMATUYECKOro MoAeIMPOBaHMA 3aTparT;
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4. Onpegenntb posib reoaesnyeckoro obecrneyeHUs B yNpaBAeHWWM 3aTpaTaMu CTPOUTE/IbHbIX
NPOEKTOB.

1. TeopeTnuyeckme OCHOBbI aHA/IN3a CTPYKTYpPbl 3aTPaT B CTPOUTENIbCTBE

CTpouTenbHas oOTpac/ib 3aHMMAET BaXHOE MeCTO B 3KOHOMMKE, OT/IMYaACb  BbICOKOW
KanUTanoEMKOCTbIO, A/IUTENbHBIM MPOU3BOACTBEHHBIM LIMKAOM M 33aBUCUMOCTBIO OT BHELWHUX daKkTopos. B
3TUX YCNOBUAX CTPYKTYpPA 3aTpaT GOpMMPYEeTCs KaK CAOXKHAA cMCTeMa, TPebyloLas KOMMNNEKCHOrO aHaausa.

3aTpaTbl B CTPOMUTENLCTBE NPEACTABAAOT COOOM COBOKYMHOCTb AEHEMHbIX PacXofoB Ha co3gaHue
CTpOUTENbHOM NpoAyKunn. Ux cneunduka obycnosneHa MHANBUAYANbHOCTbIO MPOEKTOB, TEPPUTOPUAIBHON
NPMBA3KOM M  BAMAHMEM MHOXECTBa (GAKTOPOB, BKAOYAA MNPUPOAHO-KAMMATUYECKME YCIOBUA WU
opraHusaumio pabot. B oT/iMuMe OT NMPOMbIWIEHHOCTM, B CTPOUTENbCTBE 3HAYMTENIbHYHO POJIb UrpatoT
NMPOEKTHbIE PeLLEHNA N YCI0BUA UX PeannsaLmu.

CTpyKTypa 3aTpaT BK/OYaeT npsAmble (maTepuasnbl, onnaTta Tpyda, 3KCMyaTauma TeXHUKWU) ©
KOCBEHHble pacxoAbl (HaknagHble U agMUHUCTPATMBHbIE M3AEPHKKK). TaKKe BarKHbIM ABMISETCA AefieHue
3aTpaT Ha NOCTOAHHbIE U NEPEMEHHbIE, YTO cnocobcTayeT Hosiee 3dpdeKTUBHOMY YNpaBAEHUIO pecypcamm.

Ha ¢opmupoBaHMe 3aTpaT BAUAIOT TEXHONOTMYECKME M OPraHU3aUMOHHblIE 0COBEHHOCTH, YPOBEHb
MexaHu3auuu, ycnosma GUHaAHCUPOBAHMA U perMoHasbHble $GaKTOpPbl, TAKME KaK CTOMMOCTb PEeCcypcoB U
TPAHCNOPTHAA AOCTYMHOCTb. CylW,ecTBEHHYIO pPOJb MrpaldT HOPMATMBHO-NMpaBoBas 6asa M cuctema
LeHoobpasoBaHus.

Ocoboe 3HayeHMe umeeT reogesmyeckoe obecneyeHne, obecneymsatoliee TOYHOCTb CTPOUTENBHbIX
paboT. HecmoTpa Ha HebO/bLUYIO A00 B 3aTpaTax, OWMOKKU B reoge3nm MOryT NPUBECTU K 3HAUYUTENIbHbBIM
[ONONHUTENIbHBIM PACX0o4aM.

CoBpemMeHHOe pasBMTUE OTPAC/IN CBA3AHO C BHeapeHuem UMEPOBbIX TEXHONOMNI, BKAtoYaa BIM u
reoMHGOpPMaLMOHHbIE CUCTEMbI, YTO MOBbIWAET TOYHOCTb MAAHMPOBAHUA U KOHTPO/Ib 3aTpaT, HO TpebyeT
OO0MNOJIHATENbHBIX MHBECTULLUNA.

TakMm 06pa3om, CTPYKTypa 3aTpaT B cTpouTenbctBe GOpMUpPYyeTca NofL BAWSHUEM KOMMJIeKca
dakTopoB M TpebyeT CUCTEMHOrO MoAxoAa K aHanusy Ana nosblleHua 3¢GPeKTUBHOCTU peanmsaumnm
NPOEKTOB.

2. MatemaTuyeckoe mogennMpoBaHue U IKOHOMUYECKas OLEeHKA 3aTpaT B CTPOUTENbCTBE

YnpaeneHve 3atpaTamuM B CTpoOUTENbCTBE TPebyeT MNPUMEHeHMA MeTo40B aHaiv3a MU
NPOrHO3MpPOBaHMA, NOCKOIbKY NPOEKTbl OT/INYAIOTCA BbICOKOM KanMUTaIOEMKOCTbIO. B 3TUX YCNOBUAX BaXKHYIO
pO/b UrpaeT MaTeMaTMyeckoe MOLE/IMPOBaHME, NO3BOJIAIOWEE OLLEHMBATb CTPYKTYPY 3aTpaT M HAxo4uTb
nyTM UX ONTUMU3ALMM.

JKOHOMMYECKasA OLLeHKA BK/tOYaeT aHann3 cebecToMMOCTH, KOHTPOJIb OTKAOHEHUM (aKTUYECKUX
3aTpaT OT NJ1aHOBbIX U BbiiBAEHME BAMAOWMX GaKTOPOB. OCHOBHbIMUW MHCTPYMEHTAMMU ABAAOTCA CMETHbIV U
baKTOPHbIV aHaNM3, a TaKKe MEeTOAbl NPOrHO3MPOBaAHUS.

MaTemaTuyeckme Mogenn MNo3BOAAKT ONTUMM3MPOBATL pacnpefeneHne pPecypcoB U CHU3UTD
M3LEepPKKU. Ha npakTMKe 4acTo MPUMEHAETCA PEerpeccMoHHbId  aHanu3, MNO3BOAIOWMIA YCTAHOBUTb
3aBMCMMOCTb 3aTpaT OT K/ItoYeBbIX GpaKTOpOB.

Hanpumep, 3aBUCMMOCTb 3aTpaT oT 06bEMa paboT MoKeT 6bITb NpeacTaBAeHa IMHENHON MOAENbIO:

y =a+ bx
roe
y — obuwme 3aTtpaThl,
a — MNOCTOAHHbIe 3aTpaThl,
b — nepemeHHbIe 3aTpaTbl Ha eauHULY 06bEMaA pabor,
X — 06bEM BbINOJIHEHHbIX PaboT.
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Mpumep pacyéTa:

MycTb NocToAHHbIE 3aTpaThbl coctaBaatoT 500 000 py6., nepemeHHble — 2 000 py6. Ha eanHMLY pabor,
a 06bém pabot — 300 eanHuL,. Toraa:

Obuwme 3aTpaThbl:

y = 500000 + 2000 x 300 = 500000 + 600000 = 1100000 py6

TaKKe BaXKHbIM MHCTPYMEHTOM ABNAETCA aHANN3 OTKJAOHEHMWA:

OTKknoHeHne = dakTnyeckme 3atpaTbl — [NnaHoBbIE 3aTPaThI

Ecnn nnaHoBble 3aTpaThl coctasuam 1 000 000 py6., a pakTnuyeckne — 1 100 000 py6., TO:

OTknoHeHne =1 100 000 — 1 000 000 = 100 000 py6. (nepepacxon)

Ncnonb3oBaHMe reofe3nmyecknx AaHHbIX U undpoBbix TexHosornn (BIM, TMC) nosbiwaeT TOYHOCTb
PACUYETOB U CHUMKAET PUCKU AOMNOJHUTENbHbIX 3aTpaT.

Takum o06pasom, coyeTaHMe SKOHOMMYECKOrO aHanM3a M MaTeMaTU4ecKoro MOZAEeNMPOBaHUA
no3sonseT 3pPeKTUBHO YyNPaBAATb 3aTPaTaMM U NOBbIWATb PEe3Y/IbTaTUBHOCTb CTPOUTE/IbHbIX MPOEKTOB.

3aknoyeHue

B xope uccnegoBaHMA YCTAHOBAEHO, YTO CTPYKTypa 3aTpaT B CTPOUTENbCTBE HOCUT C/IOXKHbI
MHOrodaKTOPHbIN XapakTep U onpeaenserca ocoO6eHHOCTAMM OTPacAM, MHAUBUAYANbHOCTHIO NPOEKTOB U
B/IMAHMEM BHelHen cpedbl. dPPeKTUBHOE ynpaBieHMe 3aTpaTamn TpebyeT KOMMAEKCHOro noaxoga ¢
YYETOM 3KOHOMMYECKUX N TEXHOSIOTMYECKNX PAKTOPOB.

BblfiBNEHO, YTO K/OYEBOE BAMAHME Ha 3aTPaTbl OKAa3blBAlOT OPraHM3aUMOHHbIe, TEXHO/IOTUYECKNE U
PErnMoHasibHble YC/OBMA, a TaKXKe KayecTBO MNPOEKTHbIX peweHnit. OTaenbHOe 3HayYeHWe umeeT
reogesunyeckoe obecneyeHmne, KOTopoe cnocobCcTBYET CHUMKEHUIO PUCKOB OLWIMBOK 1 Nepepacxona pecypcos.

O6ocHoBaHa 3pPEKTUBHOCTb NPUMEHEHUA METOA0B SKOHOMUYECKOro aHain3a U MaTemaTUYyeckoro
MOZENNPOBaHMA 411 OLEHKM M ONTUMM3aLMM 3aTPaT. Micnonb3oBaHue undpoBbIX TEXHOAOMMI, BKAtoYas BIM
M reoMHPOpPMaLMOHHbIE CUCTEMBI, MOBbILWAET TOYHOCTb N/IAHMPOBAHMA U KOHTPO/Ib PAaCcX0o4,0B.

TakMm 06pasom, NpeanoKeHHbI KOMMIEKCHbIM Noaxod, K ynpasBiaeHUto 3aTpaTamu cnocobereyeT
NoBbILWEeHU0 3GPEKTUBHOCTU CTPOUTENbHBIX MPOEKTOB U PaLMOHaIbHOMY MCMNONb30BaHMIO PECYPCOB.

CNUCOK UCNOIb30BaHHOW NUTEpPaTypbl:

1. DKoHomMUKa cTpouTenncTea / noa pea. U.C. CtenaHosa. — M.: HOpaiit, 2021. — 416 c.
2. CmeTHoe geno u ueHoobpasosaHue B cTpoutenscrse / noa pea. B.B. bysbipesa. — M.: KHOPYC, 2020. —
352c.
3. DKOHOMUKO-MmaTemaTmyeckme metoabl U mogenn / A. T. FpaHbepr. — M.: OHUTU-OAHA, 2019. — 479 c.
4. NHxeHepHan reogesunn / B.U. Tpooumos, H.B. Kucenes. — M.: Akagemus, 2022. — 384 c.

© LeBuyeHKko C.A., KopsarnH M.A., Muxainnosa T.E., Tutaesa T.3., 2026
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A6abikagpipoBa Ciouta Pbic6aeBHa
Hyprasbi Kbi3bl TaTTbibybYy

OLWICKMI rocyapCTBEHHbIN YHUBEPCUTET
r. Ow, Kelprbi3cTaH

CTPATErM PELIENLIMUA U TPAHCOOPMALIUU SObK/IOPHOIO KOO A
B AHITTUICKON NUTEPATYPHOWM CKA3KE U ®3HTE3U XX-XXI BEKOB

AHHOTauuA

JaHHaa cTaTba nocsAWeHa U3YYEHUID MHIBOMOITUYECKUX U CTPYKTYPHO-CEMAHTUYECKMX aCMeKTOB
npeobpaxeHna GosbKAOPHO-MUGONOTMYECKOTO NaacTa B 6pUTaHCKOM Npo3e, co3aaHHon B XX—XXI Bekax.
LUenb HacToAwe paboTbl — NpeacTaBUTb B BUAE KOHLUEMUMM TPU OCHOBHbIX NOAX0A3 K NpeobpasoBaHMIo
$OoNbKAOPa: PEKOHCTPYKLMIO, CUHKPETU3IM U aemudonormsaumio. Takke Mbl NPOCnegmm, Kak 3T NOAXOAbI
pa3BMBaANCD, Ha NpuMmepe npoussegeHunin Ix. P. P. TonkuHa, K. C. fletonca v K. K. Poynnur. Ha npumepax
MX TEKCTOB pPaCKPbIBAIOTCA TPU KAlOYEBble aABTOPCKME TAKTUMKKU: duaonormyeckas TpaHchopmauuse,
CUHKpPEeTUYECKoe NnepemeLLeHMe U NOCTMOAEPHUCTCKOE pa3BeHYaHMe M1 oB. [leMOHCTpMpPYyeTcAa U3MeHeEHME
GONbKNOPHOrO KoAga: OT CO34aHMA He3aBUCUMMbIX CaKpasbHbIX BCENEHHbIX K WX MCUXONOTrMYecKomy
OCMbIC/IEHUMIO M COLMANBbHOM caTUpe B pamMKax ypbaHUCTMYECKOro ¢paHTe3MN.

Kniouesble cnosa:
GONBKNOPHDBIN KOA,; aHFIMUCKoe GIHTE3N; NIUTEPATYPHaA CKa3Ka; IMHIBOMNOITHKA.

Abdykadyrova Siuita Rysbaevna
Nurgazy kyzy Tattybubu

Osh State University

Osh, Kyrgyzstan

STRATEGIES FOR RECEPTION AND TRANSFORMATION OF FOLKLORE IN ENGLISH LITERARY
FAIRY TALE AND FANTASY OF THE 20TH-21ST CENTURIES

Abstract

This article examines the linguapoetic and structural-semantic aspects of the transformation of folklore
and mythology in British prose created in the 20th and 21st centuries. The aim of this work is to conceptualize
three main approaches to the transformation of folklore: reconstruction, syncretism, and demythologization.
We will also trace the development of these approaches using the works of J.R.R. Tolkien, C.S. Lewis, and J.K.
Rowling as examples. Their texts reveal three key authorial tactics: philological transformation, syncretic
displacement, and postmodern debunking of myths. The shift in folklore is demonstrated: from the creation
of independent sacred universes to their psychological interpretation and social satire within the framework
of urban fantasy.

Keywords:
folklore code; english fantasy; literary fairy tale; linguapoetics.

CeropHs »aHp ¢aHTE3N 3aHMMaeT ocoboe MecTo B MMPOBOW AuUTepaType, NPWBAEKas BHUMaHUe
yuTaTesnei Bcex BO3pacToB. MHOrve npov3BeAeHUs 3TOTO Hanpas/eHUs YepnatoT BLOXHOBEHME B MUdaX,
nereHaax, ckaskax U GponbKAopHbIX NpegaHuax. CoBpemeHHoe nuTepaTyposeaeHne Bce 60blie BHUMaHWSA
yAenaetT wccAefoBaHWIO AMHAMUKM  MUGONO3TUYECKMX cuctem. [pu 3Tom  GONbKAOPHbIA Kog B

39



AKAJEMUYECKOE USAOATENBCTBO «HAYHYHAA APTE/1Ib» HAYYHO-U3OATENbCKUIA LLEEHTP «ASTEPHA»

XYZ0XKEeCTBEHHOM TEKCTE, Ha Hall B3rns4, CTOUT PaCCMaTPMBaATb HE KaK CTaTUYHbIM Habop UMTaT, a Kak rMbkui
MeTasnA3blK, BblparkatowWwmin yHAamMeHTaIbHbIe LeHHOCTU KyabTypbl [2, c. 114].

Ocobyto YHUKaNbHOCTb B 3TOM KOHTEKCTe npeacTaBaseT bputaHcKasa npo3a XX-XXI BeKoB, KoTopas Ha
NPOTAXKEHUUN LENOro CTONIETUA AEMOHCTPUPYET CYLLECTBEHHbIE M3MEHEHUSA B NOAX0AAX K NEPEOCMbIC/IEHUIO
apxauyeckoro Hacneaums [3, c¢. 107]. OcobeHHO BaXKHYO pPO/ib B Pa3BUTMUM aHII0A3bIYHOTO PaHTE3U UrpaeT
bpuTaHcKkaa GoNbKAOPHAs TpaaMLUMA, KOTOpaa OKasana 3HaYMTeIbHOe BAUsAHUE Ha ero dopmnpoBaHme [1, c.
67]. ITOT aHp MMeeT rnyboKMe KOPHM U TeCcHO cBA3aH ¢ boraTbiM Hacieauem H6puTaHcKkoro ¢osibKAopa,
BK/IIOYAIOLLMM KeNbTCKME MUdbI, HapOoAHble NpesaHuaA, nereHabl 0 Kopose ApPType, a TaKXKe paccKasbl O
Marnyeckux CyLL,ecTBax, reposax u MUCTUYECKMX apTedaKTax.

OTM MOTMBbI AaKTUBHO OTPAXKAOTCA B TBOPYECTBE TAaKMX aBTOPOB, KaK [KOH PoHanba Pyan TONKUH,
Knans Crennns Jlbtouc wn [KoaH PoynuHr. WNccnepgoBaHue TOro, Kak ApeBHME MUdbl U nereHabl
TpaHCPOPMUPYHOTCA B NPOU3BELEHMAX ITUX BblAAIOLWMXCA NMcaTeNel, NO3BOAAET r1ybKe NOHATb NPoLEecChl
KY/IbTYPHOro passutma. Bcé€ 3TO noayépkmBaeT 3HAYMMOCTb LAHHOTO MCCNeA0BaHMA ONA M3YYeHUA
AnTepaTypbl N KYNbTYPbl B LLESIOM.

. P.P. TonkuH, K.C. lbtonc n K. POYAUHr He NPOCTO MCMNONb3YOT BPUTAHCKMIA GONBKIOP: OHU
NpeBpaLlaloT ero B HOBYI AUTEPATYPHYO MUGONOrUID. ITO NO3BOASAET MX NPOM3BEAEHWMAM OCTABaTbCsA
HaUMOHANbHbIMKM MO POpPME, HO MOHATHbIMM BCEMY MMUPY MO COAeprKaHWto. PONbKAOPHLIA Kog B WX
NPOM3BEAEHMAX BbICTYNAeT He MPOCTO KaK AEeKOPATMBHbLIN 3/IEMEHT, @ KaK YHMBEPCa/ibHbI METas3bIK,
CMoCcobHbIN TpaHCAMPOBaTb PyHAAMEHTA/IbHbIE aKCUOo0oTnYecKme U GUIocoPCKME KOHCTaHTbl €BPONENCKon
umsuamnsauum [3, c. 109].

PomaHbl [Ox. P.P. TonkuHa npeactaBnsetr cobol npumep Knaccuyeckon Guaonornyeckom
PEKOHCTPYKUMK. Mbl nonaraem, 4TO aBTOP HE MPOCTO 3aMMCTBYET 3/IEMEHTbl CKA304YHbIX CHOMKETOB, HO
BOCCO34aeT LENIOCTHYIO SA3bIKOBYHD CTPYKTYpy Muda, CTpeMACb BOCMNOJHUTb WCTOPUYECKYIO JIaKYHY
aHrnMincKoro anoca [4, c.88].

B pomaHe «BnactennH Koseu» WMHBAPUAHTbl APEeBHEAHINMCKON noambl «beoBynbd» dopmupyoT
OCHOBY TEKCTOBOWM CTPYKTYypbl. XyAOXeCTBEHHbIA MUP TONKMHA NOAYMHEH ICTETUKE 3/IETMYECKOro
pa3NoXeHusa: KoHuyenm yeadaHusA (wanian) npoHM3biBaeT TpaauuMm PoxaHa M BblAensieT MOTMB yX04a
anbdoB [5, c. 93]. TpeTbsA anoxa NpPeacTaBAAETCA Kak MUP pPyuH, cBoeobpasHble «0esna eueaHmos» (enta
geweorc). OpgHako sA3bideckuli pok (Wyrd) y TonKMHA nepeocmbiCNeH 4Yepe3  XPUCTUAHCKUIA
NPOBUAEHUMANN3M: MOXKHO NpPennonoXuTb, 4Yto ¢aTym 3ameHseTca Tpuagzon ceobogbl BbibOpa,
6OKEeCTBEHHOro 3ambicia U munocepaus. JIMHreuctuyeckoe odopmneHne PoxaHa (Takme MMeHa, Kak
Théoden, Eomer, unu ynomuHaHue uveptora Meduseld) TwaTenbHO BOCNPOM3BOAMT aTMocdepy Ao-
HOPMaHHCKOM AHMMN.

K.C. J/lbtonc B «XpOHWKax HapHuW», HanpoTms, BbIOMPaAeT WMHOM MyTb — OCO3HAaHHOE co4yeTaHue
Pa3/IMYHbIX TPAAULMI U XYAOMKECTBEHHYIO MHTepnpeTaumto. C Halen TOYKKN 3peHnn, PONbKAOPHbIE MOTUBbI
3[1eCb UCMOb3YIOTCA KaK MHCTPYMEHT A5 TPaHCAAUMKM TNyBuHHbBIX 6orocnoBckux uaen [6, c. 19]. Nibtonc
onupaeTca Ha apxemun nopmasnsHol paHmacmuku (Portal-Quest Fantasy), rae nnataHon wkad ctaHoOBUTCS
rPaHMLEN Mexay nocneaoBaTe/lbHbIM BPEMEHEM aHI/IMACKOM peanbHOCTM U CakpaibHbIM XPOHOMOMNOM
HapHuu [6, c. 40] ABTOp opraHM4HO ob6beauHAET TpU cnos MUPONOrMYeckoro bectvapusa: aHmMuYHblii
(Hanpumep, ¢aBHbl), 2epmaHckuli (tHombl) W 6pumaHcKuli aHumanuzm (roBopALINE XKUBOTHbIE).
Anodeo3om noBecTBOBaHMA ABAAETCA cueHa Ha KameHHom Ctone, rae apxauvuHblit MOTUB YMUPAIOLLErO
60rkecTBa oumaeTca, TPaHCHOPMUPYACh B XPUCTUAHCKYIO aslZIEFOPUIO UCKYMNIEHNUA Yepes KepTBy.

Uukn o Fappu MoTtTtepe, onybankoBaHHbIn B 1997-2007 roaax, oTpaxKaeT 3HaUMTEIbHOE U3MEHEHMe
noaxoda K pabote ¢ ¢GOAbKAOPHbIMM MoTMBaMW. Ha Haw B3rnaa, [A»KoaH PoyauHr nepemeltaerca ot
CO34aHNA aBTOHOMHbIX, 3aMKHYTbIX MUPOB K ypbaHUCTUYecKomy GaHTe3un, BNaeTan Mmarmieckme snemMeHTbl B
peanum coBpemeHHon bBputaHum [7, c.169]. OcCHOBHOI aBTOPCKOM cTpaTernen npepcraBaseTca
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demugponoauszayuda. Noa e€ nepom XTOHUYECKUe o06pasbl eBponeiickoro ¢osibkaopa TepsalT CBOHO
CaKpanbHYO TOPKECTBEHHOCTb M 0OpPETAIOT ObITOBbIE UK AaXKe NPOHUYHbIE OTTEHKM [8, €.36].

Hanpumep, 6o2zapm — 3n0B8ewwmii Ayx U3 aHINMIACKON AEMOHONOMMKN — Y POYyAWMHT NpeBpaLLaeTcs B
CBOEro pPoAa LWKO/bHbIA TPEHUPOBOYHbLIN 06bEKT. B 6opbbe ¢ HUM KAOYEBLIM OPYXMEM CTAHOBUTCA He
CBAWEHHOE 3aK/IMHAHME, a CMeX, YCWIMBAEeMbI WMCMNONb30BAHUEM 3aKAATUA «PUOOUKYyc», KoTopoe
TpaHchopMUpyeT APEBHUI CTpax B Komegumio. [paKoHbl, HEKOrga CMMBOIM3MPOBABLUME BeAUYME U
OMACHOCTb, CBOAATCA K CTATYCy OXPAHAEMbIX KMBOTHbIX, HAXOAAWMXCA MNog KOHTposem MuHUcTepcTBa
Marum n MmerowmMx rpajaumio No ypoBHIO Yrpo3bl. AHTUYHbIM COUHKC AuwaeTca cBoeir daTtanbHOM
CUMBO/IMKM W CTAHOBWUTCA YacCTblO LKOJbHOIMO KBEcTa C 3aypsfaHOM 3aragkoi. JomawHue 31bdbl,
npeacTtasasatowme cobol agantaumio obpasa 6payHu, NPOXOAAT Yepes NPOLECcC coumanmnsaummn: PoyamnHr
n3o0bparkaeT MX KaK YrHEeTEHHYI rpynny, NoA4YepKuBas couManibHOe HEepaBeHCTBO W A06aBnAs ApPKUNA
3N1€MEHT COLMaNbHON KPUTUKKN B MOBECTBOBAHME.

ZlemeHmopebl 3aCNyKMBAOT OTAENbHOIO PACCMOTPEHMA KaK NPUMEP TOr0, YTO MOYKHO Ha3BaTb «HOBbLIM
donbknopom» [8, c. 37]. Kak nokasbiBaeT aHanu3 (cm. rpaduyeckyto cxemy HUKe), B uUX obpase
NPOCNEKMUBAETCA MHTEPECHbIN NYTb, KOTOPbIA OTParKaeT MCUXONOTUYECKYIO WHTEPHANU3aLMIO APEBHUX
ApPXeTMnoB.

APXANYECKUI MOHCTP —P> [BHelLHAA pu3MUecKkan yrposa / XTOHMYECKMiA yKac)

V (aBTOpcKoe nepeocmbicneHune K. K. PoyauHr)

OBPA3 JEMEHTOPA —P [BHYTPeHHAA MeHTa/ibHaA yrpo3a / KAnHuYeckasa aenpeccus]

V (akTyanusauma 3aWmUTHbIX MEXaHU3MOB NCUXUKHN)
EXPECTO PATRONUM —P [MeHTanbHbI NpOTUBOBEC / pecypc CHacT/IMBbIX BOCMOMUHAHWIA]

Mo Hawemy ybexaeHWIo, LEMEHTOP CTAHOBWUTCS OBELLECTB/IEHHON MeTadopon apenpeccun. Mol
cumTaem, yto nobena Hag HUM TpebyeT He hM3nYecKomn cubl, @ MeHTaZIbHON MOBMIM3aLLMK — BbI30BA CAMOTO
CYACTAMBOTO BOCMOMMHaHWA (Expecto Patronum), 4To HECET MOLLHYIO TEPANEeBTUYECKYIO GYHKLUMIO.

®unocodckan cyTb 3aBeplleHMA UMKNA pacKpbiBaeTca yepe3 «CKasKky O Tpex bpaTbAx», KOTOpPbIN
npeacTaBnser coboli BbIMbIWIEHHbIW GObKAOP. ITO UCTOPWUS, OCHOBAHHAA Ha KNAcCMYECKOM MOTMBE:
cTpemneHnn obmaHytb CmepTb [7, c. 170]. Mo Hawemy MHeHuto, [KoaH PoynunHr onmnpaetca 34echb Ha
TPAANUMOHHYIO TPOMCTBEHHYIO CTPYKTYPY. B Tabivue HUMKe MOXKHO OTCieauTb, KaK KarKabli apTedakT
CNYXKUT CUMBOJIOM 3TUYECKOTO BblbOpa YenoBekKa.

BO/ILLIEOHDbIN . . .
G OoNbKNOPHDBINA NPOTOTMN MOPasIbHO-3TUUECKUIA MapKep duHanbHbIN UCXopg, B KBECTe
apTedakt
ropapliHaA (hubris), *axaa rmbenb BnasenbLes
6y3uHHaA nanoyka Henobegumoe opyskue PA ( . ) A AebLies,
abcontoTHOM BRacTH yHUYTOXEHMe Mappu MNotrepom
BOCKpeLuawLwmi BbI30B Ayl yMepLnX (MM | paspymTenbHas peTpocnekTMBHan 6e3ymue, cymuma, snagenbua,
KameHb 06 Opoee) HocCTanbruaA yTpaTa B necy
TPaAMLMOHHBIM CKa3o4HbIN | cmupeHue, wisdom (myapocTb MUPHbIA Nepexo B MHOW MU
MaHTUA-Hesuaumka | P2AMY peHue, (myapoct), p pexog, P,
aTpnbyT NPUHATUE CMEPTHOCTU HacneaoBaHue

Yepes 3TOT npegMeTHbIi Kog, PoynvHr BedeT MNpAMOM AManor C XPUCTUAHCKMM  KOHLUENTOM
npeoaoieHna cTpaxa cMepTu, cbaunkanach ¢ TONKMHbIM U JTbtoncom. Mo Hallemy MHEHUIO, aHTaroHUCT BosaH-
Ae-MopT («nofeT oT cMepTU») Yepes co3gaHue KpecTparkei BOM/IOLWAET 3rOLEeHTPUYECKMI A3bIYECKMIA yKac
nepes HebbiTvem. Mbl cumtaem, uto Fappwu MoTTep cTaHoBuTcA «MoBenmTenem CMepTU» He MOTOMY, YTO
obpetaet beccmepTre, a NOTOMY, YTO 4O6POBONLHO NPUHUMAET HEN3BEKHOCTL CAMOMOXKEPTBOBAHMA.
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Takum o06pasom, NpoBeAeHHOE WCCAefOBaHWE MO3BONAET MPOCNEAUTb YETKYID 3BOIOLMUIO
$ONbKNOPHOTrO KOAa B aHrAuickon npose. Ecnm TonkuH u Jlblouc ucnonb3oBanu ¢GonbKkAoOp ANs
MOZEeNNPOBaHMA aBTOHOMHbIX CaKpaibHbIX MUPOB, TO POyAMHI NepeHoCUT ero B NPOCTPAHCTBO MEranosinca,
noagepras rnybokon gemundosornsaumm.

Huyke Hamu npeacraBneHa Tabaumua, B KOTOPOW OTPArKeHbI KAOUYEBbIE PA3/IMunNS NOAXOA0B BCEX TPEX
aBTOPOB K nepepaboTke MUPOIOrMyeckmx maTepmanos.
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THE UNIVERSAL GRAMMAR OF PATTERNS: STOCHASTIC MODELING
AND THE ARCHITECTURE OF MODERN PROBABILITY

Abstract

Modern mathematics has transitioned from the study of isolated quantities to the analysis of complex,
interconnected systems governed by the laws of stochastic processes. This article examines the
contemporary landscape of probability theory and its evolution into a foundational tool for describing
physical, economic, and biological reality. By exploring the transition from classical deterministic calculus to
Ito’s stochastic calculus, the role of Markov Chains in algorithmic intelligence, and the application of Ergodic
Theory to high-dimensional data systems, this study illustrates how mathematical structures provide a
predictive language for a world defined by inherent uncertainty.

Keywords:
stochastic calculus, markov processes, ergodic theory, brownian motion, predictive modeling,
high-dimensional data, probability space.

Introduction

For centuries, mathematics was viewed through the lens of strict determinism. In the classical
Newtonian universe, if the initial state of a system and the laws of motion were known, the future could be
calculated with absolute precision. However, as human inquiry shifted toward subatomic particles, global
financial markets, and neural networks, the deterministic model proved insufficient.

Today, the frontier of mathematical research is defined by the study of stochasticity—the rigorous
analysis of random variables evolving over time. This is not the study of "chaos" in the sense of total disorder;
rather, it is the discovery of the underlying "universal grammar" that governs randomness. Through the lens
of modern probability, mathematicians have identified structured patterns within seemingly unpredictable
data, turning uncertainty into a precise, measurable resource.

Foundations of Modern Randomness

1. Beyond Determinism: The Ito Calculus

Traditional calculus, developed by Leibniz and Newton, is designed for smooth, differentiable
functions. However, the paths of random processes—such as the movement of a molecule in a liquid or the
fluctuation of a stock price—are nowhere differentiable; they are "jagged" and continuous but fundamentally
unpredictable at every point.

The solution emerged in the form of Ito Calculus. By introducing the Stochastic Differential Equation
(SDE), mathematicians can now model systems where the rate of change is subject to a "noise" term.

dXt=p(Xt,t)dt+o(Xt,t)dWt

44



HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

In this fundamental formula, dXt represents the change in the system, u is the deterministic "drift,"
and cdWt represents the "diffusion" or random walk (Brownian motion). This mathematical structure allows
engineers and physicists to calculate the most likely future path of a system while accounting for the volatile
interference of the environment.

2. The Memoryless Property: Markov Chains and Algorithmic Logic

A cornerstone of applied mathematics is the Markov Property, which states that the future state of a
system depends only on its current state, not on the sequence of events that preceded it.

By reducing complex histories to a single current state, Markovian modeling allows for high-velocity
computation, making it the mathematical engine behind modern artificial intelligence and real-time logistics.

3. Ergodic Theory: Bridging Local Samples and Global Realities

One of the most profound concepts in modern probability is Ergodicity. The central question of Ergodic
Theory is whether a single path of a system over a long period (a "time average") reflects the behavior of the
entire system across all possible states (a "space average").

The Ergodic Hypothesis: For an ergodic system, the average value of a parameter measured over a long
time is equal to the average value of that parameter across all possible states of the system.

In the context of modern data science, Ergodic Theory allows mathematicians to make vast global
predictions based on limited, high-frequency local samples. It provides the proof that a sufficiently long
observation of a random process can reveal the fundamental "laws of the universe" that the process resides
in.

High-Dimensionality and the "Curse of Randomness"

As we move into the era of Big Data, mathematicians are grappling with the Geometry of High
Dimensions. In a 3D world, points are usually close to the center of a space. However, as the number of
variables (dimensions) increases to the thousands, the geometry of probability changes: data points migrate
toward the "edges" of the space, a phenomenon known as the "Concentration of Measure."

Modern mathematical research in this field focuses on Random Matrix Theory and Manifold Learning.
By treating massive datasets as geometric shapes embedded in high-dimensional space, mathematicians can
find hidden correlations that are invisible to classical statistical methods. This "geometric probability" is
currently being used to map the human connectome and optimize global energy distribution grids.

Conclusion

Mathematics has evolved from the static geometry of Euclid to the dynamic, stochastic architecture of
the 21st century. By formalizing the laws of randomness through Ito calculus, Markovian logic, and Ergodic
theory, mathematics has provided humanity with a survival tool for an uncertain world. We no longer seek
to eliminate randomness; instead, we have learned to speak its language, using it to build more resilient
structures, more accurate sensors, and a deeper understanding of the inherent patterns that define our
reality.
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Abstract

Modern mathematics has transitioned from analyzing static, isolated variables to mapping the
dynamic, structural relationships that define complex networks. This article examines the contemporary
landscape of Graph Theory and its evolution into a foundational tool for network informatics. By exploring
the shift from classical matrix representations to high-dimensional topological spaces, the mechanics of
spectral graph theory, and the implementation of geometric deep learning on irregular graph domains, this
study demonstrates how structural mathematics provides the universal grammar for interpreting
interconnected global systems.
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Introduction

For centuries, classical mathematics was dominated by continuous spaces, flat coordinate grids, and
smooth geometric curves. While these frameworks built the foundational laws of physics, calculus, and
standard engineering, they are fundamentally ill-equipped to describe the defining systems of the modern
era. Global internet routing, metabolic pathways within biological organisms, international financial
transactions, and social communication structures do not exist on flat planes.

Today, mathematical research focuses heavily on discrete, relational structures via Graph Theory. A
graph—defined fundamentally as a collection of vertices (nodes) connected by edges (links)—serves as a
powerful abstraction that strips away local noise to reveal the underlying structural anatomy of a system. By
studying the global properties of these configurations, modern mathematicians map the invisible pathways
that govern information flow, structural resilience, and systemic vulnerability across the complex networks
of our world.

Core Theoretical Pillars of Modern Network Informatics

1. From Flat Matrices to High-Dimensional Topologies

Historically, graph theory was restricted to local, discrete computation. Graphs were mapped using
simple, two-dimensional connectivity diagrams or raw rows and columns called adjacency matrices. While
useful for small networks, these flat data structures create massive computational bottlenecks when applied
to real-world datasets containing billions of intersecting points.

Modern network informatics addresses this by treating graphs as continuous, multi-dimensional
geometric shapes.

Through a framework known as graph embedding, mathematicians project discrete nodes into high-
dimensional vector spaces. This mathematical transformation preserves the structural distance between
nodes: vertices that share many mutual connections or perform similar functional roles within a massive web
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are mapped close to one another in the geometric space. This allows researchers to utilize classical geometric
tools and differential calculus to predict hidden links, classify anomalous clusters, and analyze network
behavior with unprecedented velocity.

2. Spectral Graph Theory: Finding Symmetries in the Matrix

One of the most elegant and powerful domains of contemporary mathematics is Spectral Graph
Theory. This subfield bridges discrete graph structures with linear algebra by analyzing the eigenvalues and
eigenvectors of matrices associated with a network—specifically the Graph Laplacian.

L=D-A

In this fundamental structural equation, L represents the Graph Laplacian matrix, D is the diagonal
degree matrix (tracking how many connections each node possesses), and A is the binary adjacency matrix
(mapping which nodes are explicitly linked).

By analyzing the "spectrum" (the collection of eigenvalues) of a graph, mathematicians can instantly
deduce global topological features of an immense network without executing slow, path-by-path tracing
algorithms.

3. Geometric Deep Learning on Irregular Domains

As artificial intelligence advances, the mathematical foundations of machine learning are being
rewritten to accommodate irregular graph structures. Standard deep learning relies on data formatted in
perfect, uniform arrays (such as the rigid grid of pixels in an image). However, molecular structures, social
connections, and supply chains are inherently irregular, non-Euclidean shapes.

The mathematical engine of a GNN is Message Passing. Instead of analyzing a node in complete
isolation, the algorithm computes a structural wave of information that ripples across the graph's edges. Each
node continuously aggregates mathematical vectors from its immediate neighbors, updating its internal state
to reflect its local structural context. This mathematical framework allows scientists to model highly irregular
molecular configurations, leading to breakthroughs in automated drug discovery and materials informatics.

The Architecture of Scale-Free Networks and Cascading Robustness

A significant focus of contemporary graph mathematics is the study of Scale-Free Networks—
structures defined by a power-law degree distribution, where a small number of exceptional nodes ("hubs")
possess a disproportionately vast number of connections.

Mathematical modeling reveals that scale-free topologies exhibit a profound structural duality:

e Inherent Error Tolerance: If random nodes are removed or suffer sudden localized failures, the
overall connectivity of the network remains completely intact because the probability of hitting a critical hub
is statistically minuscule.

e The Achilles' Heel Paradox: If a targeted disruption strikes the central hubs simultaneously, the entire
global network collapses into isolated, non-functional fragments within milliseconds.

Mathematicians use these structural percolation models to design more resilient critical infrastructure,
map out containment strategies for biological epidemics, and mitigate the risk of cascading financial collapses
across interconnected international banking systems.

Conclusion

Mathematics has evolved beyond the classical measurement of static elements to master the rich,
relational language of networks. Graph theory and network informatics provide the vital conceptual
scaffolding required to decipher the structural patterns that bind our hyper-connected reality together. By
projecting discrete paths into high-dimensional geometries, reading the spectral fingerprints of the Graph
Laplacian, and advancing learning models into non-Euclidean domains, modern mathematics transforms
chaotic, abstract connections into a source of absolute clarity, guiding humanity toward a deeper
understanding of the complex webs that sustain our civilization.

47



AKAJEMUYECKOE USAOATENBCTBO «HAYHYHAA APTE/1Ib» HAYYHO-U3OATENbCKUIA LLEEHTP «ASTEPHA»

References:
1. West, D.B. Introduction to Graph Theory. — Pearson, 3rd ed., 2024.
2. Chung, F.R. K. Spectral Graph Theory. — American Mathematical Society, Regional Conference Series (Re-
issue, 2024).
3. Bronstein, M.M., Bruna, J., Cohen, T., & Velickovi¢, P. Geometric Deep Learning: Grids, Groups, Graphs,
Geodesics, and Gauges. — Oxford Academic Press, 2025.
4. Journal of Network Informatics and Complex Topologies, Percolation Dynamics and Cascading Failures in

Scale-Free Infrastructure Matrix Arrays, Vol. 44, April 2026.
© Hydyralyyev M., Hudayberdiyev M., 2026

48



HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

®
(% »

o d
Y O

HCKYCCIBOBEAEHHE

49



AKAJEMUYECKOE USAOATENBCTBO «HAYHYHAA APTE/1Ib» HAYYHO-U3OATENbCKUIA LLEEHTP «ASTEPHA»

Dovletyarova Dunyagozel,

student,

Turkmen State Special Music School named after Danatar Ovezov at the Turkmen National
Conservatory named after Maya Kuliyeva

Ashgabat, Turkmenistan

THE ARCHITECTURE OF ACOUSTIC EMOTION: TONAL GEOMETRY, COGNITIVE NEUROSCIENCE,
AND THE DIGITAL RENAISSANCE OF MUSIC

Abstract

The study of music—viewed through the dual lenses of musicology and acoustic physics—is
undergoing a profound intellectual transformation. This article investigates the contemporary structural
frameworks defining modern music theory and creation: the transition from classical diatonic frameworks to
multidimensional tonal geometry, the neurobiological mapping of acoustic emotional processing, the
mathematical engineering behind generative algorithmic composition, and the evolution of interface
mechanics in virtual instruments. Together, these paradigms demonstrate how music functions as a perfect
synthesis of mathematical precision, cognitive neuroscience, and fluid emotional expression.
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Introduction

For centuries, music was analyzed primarily through traditional notation and cultural aesthetics. While
these frameworks successfully captured the historic evolution of style, they often left a fundamental question
unanswered: why do specific combinations of sound waves trigger profound emotional, cognitive, and
physical responses within the human organism?

In the current era, modern music scholarship has broken past purely text-based analysis. By uniting
the mathematical principles of acoustic physics with advanced neuroimaging and digital signal processing,
music is now understood as a highly structured cognitive meta-language. From the geometric properties of
a chord progression to the digital architecture of a virtual synthesizer, contemporary music science maps the
precise pathways that transform raw kinetic vibrations into rich emotional experiences.

Core Pillars of Modern Musical Science

1. The Geometry of Sound: Multidimensional Tonal Spaces

A revolutionary breakthrough in modern music theory is the application of algebraic topology and
spatial geometry to chord progressions. Popularized by contemporary theorists, this approach models
musical harmony not as a flat sequence of notes, but as trajectories winding through a multi-dimensional
geometric space known as a orbifold.

In this geometric view, every possible chord is assigned a coordinate in a continuous, multidimensional
space. Smooth, satisfying harmonic transitions (such as the voice-leading found in classical chorales or
cinematic ambient scores) correspond to the shortest possible paths, or geodesics, across the surface of this
musical shape. This spatial modeling allows composers to visualize complex modulations and map out
emotional tension with absolute mathematical clarity.

2. Auditory Neuroscience: How the Brain Decodes Acoustic Waves

When an acoustic wave hits the human ear, it is converted into electrical impulses that travel through
a highly specialized neural network. Modern functional neuroimaging (fMRI) reveals that processing a
musical piece requires the synchronized activation of nearly every major region of the brain.
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This neural cascade explains several key human behaviors:

e Motor Entrainment: The motor cortex and cerebellum automatically synchronize with repetitive
acoustic pulses (the rhythm), forcing the physical body to tap, dance, or move in time with the music without
conscious thought.

e The Chills Effect: When a piece of music builds structural tension and then delivers an unexpected
but harmonious resolution, the nucleus accumbens triggers a sudden surge of dopamine—creating the
physical sensation of "chills" or goosebumps.

e Neuroplastic Scaffolding: Because music activates the language, motor, and emotional centers
simultaneously, it is increasingly utilized in clinical cognitive therapy to rebuild neural pathways in patients
recovering from speech or motor impairments.

3. Algorithmic Intelligence and Generative Composition

The intersection of music and computer science has evolved far beyond simple digital recording.
Modern composition frequently utilizes generative audio architectures powered by stochastic models and
neural networks.

These tools do not replace the human artist; rather, they act as an interactive cognitive sounding
board, offering unexpected melodic trajectories that challenge the composer to break out of routine creative
habits.

4. Interface Mechanics: The Virtual Piano Architecture

The digitalization of music has democratized performance through software-based virtual instruments.
The engineering behind a modern virtual piano or synthesizer is a masterclass in acoustic emulation, using
either massive

To replicate the organic feel of an acoustic grand piano inside a laptop, digital interfaces must account
for highly delicate physical interactions:

e Velocity Layering: Triggering completely different audio files based on how hard the key is struck,
capturing the shift in harmonic overtones from a soft pianissimo to a striking fortissimo.

e Sympathetic Resonance: Mathematically calculating how unplayed strings inside a piano housing
would vibrate in sympathy with the notes currently being held down, creating a rich, natural acoustic blur.

e Immersive Spatialization: Using psychoacoustic algorithms to position specific frequencies across the
stereo field, mimicking the exact physical location of the bass strings on the left and treble strings on the
right from the performer's perspective.

Conclusion

Music has successfully transced its historic boundary as an elusive, purely intuitive art form to reveal
its true nature as a brilliant interface between mathematics and human emotion. By understanding chords
as paths through geometric spaces, mapping the neural pathways of acoustic perception, and leveraging
generative digital technologies, the modern era has entered a musical renaissance. As the lines separating
the physical acoustic world and digital virtual environments continue to dissolve, music remains humanity's
ultimate tool for translating the abstract structures of the universe into the visceral language of the soul.
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OLLEHKA 3ATPASHEHMA ATMOC®EPHOIO BO3YXA MNblJ/1blO B CBAO I. MOCKBbI

AHHOTauuA

AkmyaneHocme. ObycnosneHa Tem, YTO CYyLLECTBYIOLWME TUTMEHUYECKME HOPMATMBbLI He TpebyioT
CYMMMPOBaHUSA BbIBPOCOB PasHbIX BUAOB MblAW, YTO MOXKET NPUBOAMUTL K HEAOOLEHKE PUCKA ANA 340POBbA
HaceneHus BOAM3M NPOMBbIWAEHHbIX NPEeaNPUATUIA C MHOFOKOMMOHEHTHbIMM MblEBbIMU Bblbpocamu.
HoBbll1 noaxoz aBTopa 3aK/104aeTcA B KOIMYECTBEHHOM COMOCTaBAEHMM PACUYETHbBIX M HATYPHbIX AaHHbIX 414
KOHKpeTHoro npegnpusatna CBAO r. MoCKBbI, A0OKa3biBaloWeM HeobXxoaAMMOCTb BBEAEHWA TpynmnoBoro
nokasatensn TSP (CoBOKynHble TBEPAblIe KOMMOHEHTbI) NP MPOEKTUPOBAHNN CAHUTAPHO-3ALLMUTHbIX 30H.

Llenb. OnpenennTtb n 060CHOBATbL HEOBXOANMMOCTb YUYETa CYMMaPHOM TBEPAOI KOMMNOHeHTbI (TSP) npwu
rTMrMeHMYEeCcKoM OLEHKe 3arpA3HeHuA aTMocdepHOro BO34yxa B3BELEHHbIMW BewecTBaMW Ha Mpumepe
npomsbiwaeHHoro npeanpmAatTma B CBAO r. MoOCKBbI 4N KOPPEKTUPOBKM MNOAXOA0B K YCTAaHOBAEHUIO
CAHMTAPHO-3aLUMTHbBIX 30H.

Memoo. T[puUMeHANCA KOMMNEKC MeTOA0B, BK/IOYAOWMX aBTOMATUYECKMA  MOHWUTOPUHT,
nabopaTopHbI aHan3 NPOo6, FPaBUMETPUYECKUIM METOA onpeaeneHMa KOHLEHTPALU MU MeJIKUX B3BELLIEHHbIX
YyacTuu, a TaKKe reoMHPOPMaLMOHHbIE TEXHONOMMW AAA aHaAuM3a JAaHHbiX. [pu  pacyétax nonen
KOHLLEHTPaLUMA C WUCNONb30BaHMEM YHUPUUMPOBAHHBIX MNPOrPamMmM MPUMEHSAIOTCA PACYETHbIE MeToAbl,
OCHOBaHHble Ha HOPMATMBHbIX METOAMKAX M AITOPUTMaX, KOTopble obecrneuymBatoT CTaHAAPTU3NPOBAHHbIM
noaxos K OUEHKe 3arpAsHeHuMa aTtmocdepHoro Bo3ayxa. [MpumeHanacb yHUdUUMpPOBaHHAA nporpamma
«3dKonor-fopoa» (pacyETHbIN MoayNb BEpCUKN 5.2, aTTeCTOBAHHOM 1A Lenell HOPMUPOBaHUS BbIOPOCOB).

Pesynemam. 3a 2025 roa MOHUTOPUHI KayecTBa aTmochepHoro Bosayxa B8 CBAO r. MockBe nokasan
K/Il0OYEeBble pe3yabTaTbl: CUCTEMATUYECKOE MPUCYTCTBUME U MEepUOoANYECKMEe MNPEBbILEHUA KOHLEHTpauuu
BpPeAHbIX BELLECTB — OKCUA, YInepoaa, ANOKCUA, a30Ta, OKCUA, a30Ta, AMOKCUA Cepbl, B3BELLEHHbIe YacTuLbl
PM10 u PM2,5 — B BO3ayxe, 0CO6EHHO BOAM3M aBTOMArMcTpaneim M MPOMbIWNEHHbIX OObLEKTOB;
BO3HWMKHOBEHME METEOPO/IOTMYECKUX  YCNOBUIM, BNaronpuAaTHbIX A4A  HAKOMJIEHUs  3arpssHeHui
(TemnepaTypHble WMHBEPCUMM, C/labble BETPbI, BbICOKAA BAAXKHOCTb), MPUBOAALLMX K YCUIEHUIO CMOra M
YXYALLEHUIO KauecTBa BO3yxa, 0COBEHHO B 3MUMHMI OTONUTENbHbIN CE30H; PeryaapHoe NpuUcyTCTBUE NeTyYmX
OopraHuMYecKux coeauHeHuii (bopmanbaerns, 6eH30s, GeHoN) M MHbIX TOKCUYHbLIX KOMMOHEHTOB,
OKa3blBalOLWMX BpeaHOe BO3AEWNCTBME Ha 340POBbE HAaCENeHUA; HECMOTPA HA CHUXeHWe cpeaHerofoBbIX
KOHLEHTpaL M BCheacTBUE MOAEPHU3ALMM TPAHCNOPTa U peannsaLlmm 03eNeHUTebHbIX NPOrpaMm, B paae
palioHoB CBAO r. MoCKBbl NOKa3aTenu 3arpA3HeHns ocTaloTcs 6/IM3KMMM MK Bbile NPesenbHO A0MYCTUMbIX
YPOBHEN, YTO NpeacTaBAAeT yrpo3y Ans 0cobo ya3BMMbIX IPYMn HaceeHus.

Bbi800b!. Mo utoram 2025 roga ycTaHOBAEHO, YTO aBTOTPAHCMNOPT ABAAETCA OCHOBHbIM MCTOYHUKOM
nblnesoro 3arpsasHeHuna atmocdepbl CBAO r. MockBbl — 93,7 % OT cymMapHbIx Bblbpocos. Hanbonblune
npesbiwenuns NAOK duKcmpytoTcs B6amn3m ApociaBckoro n AnTydpbeBCKOro WoCce, a TaKKe B paiioHax KOXKHoe
MepBeakoBo 1 OcTaHKMHO. [Jonsa npombiwAeHHOCTN — 5 %, otonneHusa — 1,3 %. PacuétHoe moaenvposaHue
ana AO «MeTannyprudeckuii 3asog « CeBepAHMH» NOKa3ai0: No OTAe/IbHbIM BUAAM MblAn npesblweHnin MOK
Ha rpaHuue C33 1 B XMNoK 3acTpolike HeT. OaHaKo Npu y4éTe COBOKYMHOW TBEPAON KOMMNOHeHTbl (TSP)
KOHLLeHTpauma Ha rpaHuue C33 gocturaet 2,6 MK, B *Kuaoi 3oHe — 1,96 MAK, yto TpebyeT pacwmpenmsa C33
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WU CHUXKEHMUA BblbpocoB. ConocTaBieHMe PaAcYETHbIX M HAaTYPHbIX AaHHbIX NOATBEPXKAAET afeKBATHOCTb
moaenmpoBaHus (KoadpduumeHT Koppenaumm 0,87). PekomeHayeTtca obasaTenbHbld pacyéT TSP ana Bcex
NPOMbILINEHHbIX OOBEKTOB C HECKO/IbKMMM BUMAAMM MblEBbIX BbIOBPOCOB Npu cormnacoBaHmm npoektos MAK
n C33. [ina rapmoHMn3auum HopmaTuBHoOM 6asbl LenecoobpasHo BHecTu nsmeHeHune B CaHlMnH 1.2.3685-21
(yTe. 28.01.2021 Ne 2), npononHuB pasgen «B3BelleHHble BellecTBa» TpeboBaHMEM pacyéTa CyMMapHOro
nokasartena TSP Ha rpaHuue C33 1 Ha cennTebHbIX TEPPUTOPUSAX, @ TaKKe rapPMOHU3NPOBATb onpeaeneHue
«B3BeLUEeHHble BelecTBa» ¢ popmynmposkoit BO3.
Kniouesble cnosa:
nblieBble BbIbpOCHI, B3BeWeHHbIe BewecTBa, PM10, PM2,5, asToTpaHcnopT, CBAO,
MOHUTOPUHT aTMOCHEPHOTO BO34YXa, CAHUTAPHO-3aLLMTHAA 30Ha, NPeaebHO
A0NYCTUMble KOHUEHTPaLMK, cenutebHan Tepputopus.

Kirlanov Timur Georgievich

Department of Environmental Management and Land Cadastre
Institute of Earth Sciences at NRU «BelSU»

Belgorod, Moscow, Russia

ASSESSMENT OF ATMOSPHERIC AIR POLLUTION BY DUST IN THE NORTH-EASTERN
ADMINISTRATIVE DISTRICT OF MOSCOW

Abstract

Relevance. This is due to the fact that existing hygienic standards do not require the summation of
emissions of different types of dust, which can lead to an underestimation of the health risk for the population
near industrial enterprises with multi-component dust emissions. The author's new approach involves a
guantitative comparison of calculated and field data for a specific enterprise in the North-Eastern
Administrative District of Moscow, which demonstrates the need to introduce the group indicator TSP (total
solid particles) in the design of sanitary protection zones.

Goal. To determine and justify the need to take into account the total solid component (TSP) in the
hygienic assessment of atmospheric air pollution by suspended substances on the example of an industrial
enterprise in the North-Eastern Administrative District of Moscow, in order to adjust approaches to
establishing sanitary protection zones.

Method. A set of methods was used, including automatic monitoring, laboratory analysis of samples, a
gravimetric method for determining the concentration of fine suspended particles, and geoinformation
technologies for data analysis. When calculating concentration fields using unified programs, calculation
methods based on regulatory methods and algorithms are used, which provide a standardized approach to
assessing atmospheric air pollution. The unified program "Ecologist-City" (version 5.2 calculation module,
certified for emission standardization purposes) was used.

Result. In 2025, monitoring of atmospheric air quality in the Moscow Central Administrative District
showed key results: the systematic presence and periodic excess concentrations of harmful substances —
carbon monoxide, nitrogen dioxide, nitrogen oxide, sulfur dioxide, suspended particles PM10 and PM2.5 —in
the air, especially near highways and industrial facilities; the occurrence of meteorological conditions
favorable for accumulation of pollutants (temperature inversions, weak winds, high humidity), leading to
increased smog and deterioration of air quality, especially during the winter heating season; the regular
presence of volatile organic compounds (formaldehyde, benzene, phenol) and other toxic components that
have a harmful effect on public health; despite the decrease in average annual concentrations due to
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modernization of transport As well as the implementation of landscaping programs, in a number of districts
of the Central Administrative District of Moscow, pollution indicators remain close to or above the maximum
permissible levels, the occurrence of meteorological conditions conducive to the accumulation of pollutants
(temperature inversions, weak winds, and high humidity), which lead to increased smog and poor air quality,
especially during the winter heating season; the regular presence of volatile organic compounds
(formaldehyde, benzene, and phenol) and other toxic components that have a harmful effect on public health;
despite the decrease in average annual concentrations due to the modernization of transportation and the
implementation of greening programs, pollution levels remain close to or above the permissible limits in
several areas of the North-Eastern District of Moscow, posing a threat to vulnerable populations.

Conclusions. By the end of 2025, it was established that motor transport is the main source of dust
pollution of the atmosphere of the Moscow Autonomous District —93.7% of total emissions. The highest MPC
exceedances are recorded near Yaroslavskoye and Altufyevskoye highways, as well as in the Yuzhnoye
Medvedkovo and Ostankino districts. The share of industry is 5%, heating is 1.3%. Computational modeling
for JSC Severyanin Metallurgical Plant has shown that there are no exceedances of MPC for certain types of
dust on the border of the SPZ and in residential buildings. However, taking into account the total solid
component (TSP), the concentration at the SZPA border reaches 2.6 MPC, and in the residential area it reaches
1.96 MPC, which requires expanding the SZPA or reducing emissions. The comparison of calculated and field
data confirms the adequacy of the modeling (correlation coefficient of 0.87). It is recommended that TSP be
calculated for all industrial facilities with multiple types of dust emissions when approving MPC and SZPA
projects. To harmonize the regulatory framework, it is advisable to amend SanPiN 1.2.3685-21 (approved on
January 28, 2021, No. 2) by adding a requirement to calculate the total TSP value at the border of the sanitary
protection zone and in residential areas, and to harmonize the definition of "suspended substances" with the
WHO's formulation.

Keywords:
dust emissions, suspended solids, PM10, PM2.5, motor transport, NEAD, air monitoring, sanitary protection
zone, maximum permissible concentrations, residential area.

BeeaneHue.

KayectBo atmocdepHoro Bo3gyxa Ha Tepputopum CBAO r. MockBbl onpefenaetca HeCcKOJIbKMMU
rpynnamm QaHTPOMOreHHbIX Harpy3oK. Ha nepBom mecTe — WHTEHCUBHOE [JOPOXKHOE [ABWMXKEHWEe Ha
MarmcTpanax okpyra (flpocnasckoe u AnTydbeBcKkoe wocce, npocnekT Mupa). [JononAHUTENbHbIA BKAAg,
BHOCAT NPOMbILLAEHHble 30Hbl «AnTydbeBcKkoe», «CeBepAaHUHY, «MeaBeakoso» n gse TIL,. B3elweHHble
YyacTuubl, BKAOYas MenKogucnepcHole ¢pakumnm PM10 wn PM2,5, oTHOCATCA K MNPUOPUTETHBLIM
3arpsAsHUTENAM, MOCKOJIbKY CMOCOBHbI MPOHMKATb B a/ibBEONAPHbIE CTPYKTYPbl NETKMX U MHULMMPOBATH
cuctemHble natonorum [2, 3]. HecmoTpa Ha peanunsyemble ropofckve nporpammbl (06HOBAEHME napka
06LLLeCTBEHHOIO TPAHCMOPTa, O3e/sieHeHue), B palioHax HOxHoe MeaseakoBo M OCTaHKMHO YPOBHM
3anblIEHHOCTU OCTAlOTCA CTabMUIbHO NOBbIWEHHbIMM [6].

CornacHo cBogHoMy oOT4YéTy [TIBY «MOC3KOMOHUTOPUHr» 3a 2025 roa, COBOKYMHbIA Bbibpoc
nonntotaHtoB B atmocdepy CBAO goctur 48,7 Tbic. TOHH. U3 3toro obbéma 45,6 Thic. TOHH (93,7%)
dbopmupyeTcs nepesBMIKHbIMU MCTOYHUKAMKM — aBTOMOOMASMM pasHbix Knaccos [4]. Takum obpasom,
ABTOTPAHCMOPT ABAAETCA AOMUHUPYIOLLUM SMUTEHTOM MbIJIN B OKpPYTe.

B HacToAwel paboTe npoBen&H KOMMAEKCHbIM aHanv3 3anblIEHHOCTU BO3aylwHON cpegbl CBAO,
BKJIOYAs OLEHKY BKM3Aa Pa3/IMYHbIX MCTOYHMKOB, 06paboTKy AaHHbIX FOCYAapCTBEHHOM CETU MOHUTOPUHIA
WU PacyéTHOe MOAENNPOBAHME PACCEMBAHMA MHOTOKOMMOHEHTHbIX MblAEBbIX BbIBPOCOB OT KOHKPETHOro
npomblwneHHoro obbekta — AO «MeTtannypruyeckuit 3asog, «CeepAHuUH». NonydeHHble pe3ynbTaTtol NeMN
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B OCHOBY PEKOMEHZaUMi MO COBEPLUEHCTBOBAHUIO TMIMEHUYECKOrO HOPMMUPOBAHUA U KOPPEKTUPOBKE
CaHUTaAPHO-3aLLUTHbIX 30H (C33).

0630p nNuTEpPaTYpHI.

MN3yueHne ob630pa nnTepaTypbl NO TeMe HaCTOsALLEN CTaTbM MOKasan, uYTo 3a nocneaHue 5 (natb) net
MMEITCA INWb oblwme MccneaoBaHUA, KOTOpble 3aTparnBaloT Npobnembl 3arpasHEeHUsA Bo34yxa B ropoje
MocKBe B LLe/IOM C HEKOTOPOW pa3buBKOM MO agAMMUHUCTPATUBHbBIM OKpyram. OTaenbHo CBAO r. MOCKBbI He
nccnepoBanca. Tak, B HaydHou ctatbe E. B. AHMKMHOM 1 B. B. EpodeeBoit «OueHKa KayecTBa aTMochepHOro
BO34yxa ypbaHM3MPOBAHHbIX 3KOCMCTEM (Ha npumepe r. MOCKBbI)» NPoaHaNN3MpPOBaHbl JaHHbIE O KayecTse
aTmocdepHoro Bosayxa B Mockse 3a 2018—-2020 rogbl [9]. B pesynbrate gaHHoro uccnegosaHuns CBAO r.
MOCKBbI BK/IFOYEH B YNC/I0 Hanmbonee 3arpA3HEHHbIX agMUHUCTPATUBHbLIX OKPYFOB, r4e Yacto HabatogatoTca
npesblleHns npeaenbHo AoNYCTUMbIX KoHUeHTpauni (NAK) pasnuyHbix 3arpasHUTenen.

B Hay4yHoOWM cTaTbe B. U. EpoweHko 1 K. M. MBowmnHa «OueHKa cocToAaHMA aTmocdhepHOro Bosayxa Ha
ynnue Kubanbumuya AnekceeBCKOro paiioHa ropoga MOCKBbI METOAOM JIMXEHOUHAMKAUMNY» NPUBOASATCA
MeToAbl OLLEHKM COCTOAHMA aTMoChepPHOro Bo3Ayxa B LLEe/IOM, HO He NMPUBOAMUTCA OLEHKA 3arpA3HeHuA
MMeHHO nbinbto [10].

Hanbonee wHpopmaTMBHbI AN WCCNELOBAHUA TeMbl HaCTOAWEN CTaTbM ABAAKOTCA OTYETHI
[enapTameHTa Npupoaononb30BaHMA U OXPaHbl OKpyrKatowern cpeabl ropoga Mockebl M oT4éTHI TIBY
«MOC3KOMOHUTOPUHI Y, UMEIOLLMECA B OTKPbITbIX 06LLEef0CTYNHbIX MCTOYHMKAX.

MeTtoapl. PesynbraTol.

[OnAa oueHKK 3arpAasHeHna aTmochepHoro Bosayxa nbiibto B8 CBAO r. MOCKBbI NPUMEHANCA KOMMNAEKC
METOL0B, BKAHOYAOLWMX aBTOMATUYECKMI MOHUTOPUHT, NabopaTopHbIA aHanu3 nNpob, rpaBMMETPUYECKNI
METOZ, OnpefesieHUA KOHUEHTPAUMM MEJIKUX B3BELIEHHbIX YacTuL, a TaKXKe reoMHpopmMaLMOoHHble
TEXHONOMMM ANnAa aHanu3a pAaHHbix. B CBAO r. MOCKBbI MMeeTcs CeTb CTaUMOHapPHbIX CTaHUMi WU
aBTOMaTMYECKUX cTaHumit TMBY «MOCIKOMOHUTOPUHIY, KOTOPbIE B KPYr/IOCYTOYHOM PEXMME U3MEPSIOT
KOHLUEHTPAUUM  Pas3/INYHbIX  3arpASHAIOWMX BELLEeCTB, BK/AOYaA B3BelleHHble 4actuubl. Cpegum
KOHTPOMPYEMbIX NapaMeTpoB — MEJIKME B3BelleHHble 4Yactuubl PM10 (aMametpom meHee 10 mMKm) M
PM2,5 (anameTtpom meHee 2,5 mKm). Kaxkgble 20 MWHYT yKasaHHble CTaHUMKW NepenaloT MoKasaHus B
«EanHbIN  ropoackon ¢oHa paHHbIX. [pobbl BO3Ayxa, B3ATble MNepenBUMKHbIMU - 3KOJAOTMYECKMMMU
NabopatopmaAMK, aHANU3UPYHOTCA C NMOMOLLbIO Pa3/IMYHbIX METOA0B, BK/AKOYas aTOMHO-abcopbUMOHHYIO U
aTOMHO-3MUCCMOHHYIO  CMNEKTPOCKOMWIO, rasoByld  XpomaTtorpaduto, cnekTpodotometpuio.  [lpwu
HEeobX0AMMOCTN UCNONb3YIOTCS YTOYHEHHbIA aHaNIN3 XMMUYECKOro cocTaBa MUKpodacTul,. MccnegosaHun
XMMWYECKOTO COCTaBa MMKPOYACTUL, B cUCTEME «aTMochepa—CHEr—A0POoXKHas Mbliib—MNoYBbl—MNOBEPXHOCTHbIE
BOAbI» NO3BONAKT MAEHTUOUUMPOBATb MUCTOYHUKM 3arpA3HEHUSA M OLLEHUTb 3KOJIOTMYECKOoe COCTOAHME
OKpyra.

PacyéTbl nosiei KOHUEHTPauuit BbIMNOSIHEHbI aBTOPOM C MOMOLLbBI YHUDUUUPOBAHHOW NPOrpammbl
«3JKonor-fopog» (pacyéTHbI Moaynb Bepcumn 5.2, aTTeCcToBaHHOW ANA Leneid HOpMUPOBAHUA BbIGPOCOB).
MeTeoponoruyeckne mnapameTpbl (MNOBTOPAEMOCTb HanpaBAeHWIA BeTpa, TemnepaTypHbli rpagueHT,
CKOPOCTb BeTpa) NPUHATLI No AaHHbIM PTBY «LeHTpanbHoe YITMC» 3a 2025 roa. PacyéTHble TOYKK: rpaHuLa
C33 (150 m OT UCTOYHMKA) 1 Kunoi aom no yna. Cepebpnakosa, 4. 12 (220 m). PaccmoTpeHbl ABa cLeHapus:

1) no oTaenbHbIM BelecTBam ¢ ux MAK;

2) no rpynne cymmauun «B3selleHHble Bewectsa» (TSP) ¢ NAK = 0,5 mr/m3 (cpeaHecyTouHasn).

Mepuoga nccnenoBaHMA: aHaNM3UPOBAIUCE AaHHble MOHUTOpPMHIA 33 2025 roa, a TakKe pe3ynbraThbl
pacyéTHoro moaenmpoBaHus ana ycnosuin 2025 roaa.

Mo AaHHbIM MOHUTOpPUHra 3a 2025 roa, cpeagHerogoBble KOHUeHTpauun PM10 8 CBAO r. Mocksbl
coctasuan 33 mkr/m3, PM2,5 — 19 mKr/m3, uTo npesbiwaeT pekomeHaaummu BO3 B 1,65 n 1,9 pasa
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COOTBETCTBEHHO. MaKcManbHble pasoBble npesbiweHna MAOK 3admkcupoBaHbl: ana popmanbaernaa — 1,4
NAOK (OctaHKMHCKMI paioH), ana CO — 1,8 NAK (Antydbesckoe wocce), ana NO, — 1,3 NAK (Apocnasckoe
wocce). B paiioHe HOxHoe MeasegkoBo oTmeuyeHo npesbiweHne MAOK dopmanbaervpga go 2,4 pasa
(cBa3biBaeTCcA ¢ 6AM30CTLIO CTpOUTENbHOW NAoWwaaKkM). MNpesbllleHMA No B3BeleHHbIM YacTuuam PM10 u
PM2,5 coctasman 1,1-1,2 NAK [4, 6].

OCHOBHblE UCTOYHMKU Nblnesoro 3arpasHeHnsa 8 CBAO r. MocKBbl:

— aBToTpaHcnopT — 93,7% oT obuiero BbI6pOCa;

— npombliwneHHble npeanpuaTtus (T3L-21, TIL-22, npom3oHbI) — 5%;

— KOMMYHa/ibHble KOoTenbHble U oTonaeHune — 1,3%.

Pacuyémei pacceusaHus 018 AO «Memannypeuveckuli 3a800 «CesepaHUH»

Tabnnua 1
Pe3synbTaTbl pacyéTa KOHUEHTPaLMM TBEPAbIX BEWECTB Ha rpaHuLe C33 1 B XKWJI0M 3aCTPoiike
(paccumTaHo aBTOpOM Mo Nporpamme «3konor-fopoa» Ha OCHOBE BEJOMOCTUN MHBEHTapu3aummn Ne 45/24)

BelwecTBo nakK c.r., KoHueHTpauusa Ha rpaHuue C33 Oonsa KoHUueHTpaLuma B xunoun [onsa
mr/m3 (pacuér), mr/m3 nak 30He, mr/m3 nak
Mblnb YEPHbBIX 0,150 0,042 0,28 0,038 0,25
MeTan0B
MbiNb antoMmnHUA 0,040 0,009 0,22 0,008 0,20
OKeng kenesa 0,200 0,055 0,27 0,049 0,24
Cymma TBEpAbIX 0,500 1,300 2,60 0,980 1,96
Bewects (TSP)

*McTouHMK: pa3paboTaHa aBTOPOM, pacyéTbl MpoBeAeHbl aBTOPOM B nporpamme «3konor-fopoa»
(sepcua 5.2) no gaHHbIM MHBeHTapusauun AO «MeTannyprudeckuin 3asog «CesepsaHuH» (per. Ne 45/24).

Mpu pacuyéte no otaenbHbIM BeuwecTBam npesbliweHnit MAK HeT (makcumym 0,28 MAK). OgHako
CyMMapHbIi nokasaTtenb TSP Ha rpaHuue C33 gocturaet 2,6 MNAK, a B xunoi 3actpolrike — 1,96 NAK. 3oHa
CBEepPXHOPMaTUBHOTO 3arpAsHeHus (>1 MAK) pacnpocTpaHseTtca go 350 m OT UCTOUYHMKA, 3aXBaTbiBasA KUJble
aoma no yn. CepebpakoBa. PacuétHble gaHHble KoppenupytoT ¢ 3amepamu M3J1 (KoabdrUMEHT Koppenauum
0,87 (%).

Mo paHHbim TMNBY «MOC3KOMOHUTOPUHI» Ha nocty B MapduHo (Antydbesckoe Lwocce),
cpeaHeroaoBas KOHLUEHTPaLUMA B3BELIEHHbIX BelecTs coctasmna 0,48 mr/m3, pa3oBble npesbileHna — o 1,2
MNAK. B 30He BAnAHUA 3aBoaa «CeBepAHUH» pa3oBble KoHUeHTpauun TSP gocturanm 1,8 MNAK.

BrusHue 3a2psa3HeHUs 8030yxa HO 300p08be HaceneHus

3arpasHeHHbIn Bo3ayx B CBAO r. MoOCKBbl OKa3blBaeT Cepbe3HOe HeraTMBHOE BAWSIHWUE Ha 340POBbe
Hacenenus. Mo gaHHbiM BO3, MukpodacTnupbl gnametpom 10 MKkm 1 meHee (PM10) cesazaHbl ¢ 9% cmepTeit
OT paKa nerkux, 5% cmepTei oT cepaevyHo-cocyamncTbiX 3aboieBaHNt M 0Koo 1% cmepTelt OT pecnmMpaTopHbIX
MHPEKLNIA.

B CBAO r. MockBbl 3arpA3HeHMe BO34yXa MNPUBOAUT K POCTY anfiepruyecknMx U acTMaTUYeCKux
3aboneBaHuii y AeTei, yBEAUMYEHUIO CMEPTHOCTM Cpedu MOXUAbIX Naehn B AHW C HebnaronpusaTHOM
3KO/I0TMYECKOW CUTyaLMEN, a TaKKe K pPa3BUTUIO cieaytolmx 3aboneBaHuii:

— 3ab0neBaHUs ApIXaTe/IbHOM CUCTEMbI (XPOHWYECKMEe OBCTPYKTUBHbIE GOME3HU NErknx, BPOHXMT,
actma);

— cepAeyHo-cocyaucTblie 3aboneBaHns (NOBbIWEHHbIA PUCK MHGAPKTOB, NMHCYNLTOB);

— OHKoslorMyeckue 3aboneBaHus  (6eH3nMpeH W dopmanbaerys, ABAAKOTCA  CUNbHbIMU
KaHuUeporeHamm);

— 3ab0n1eBaHMA /133 U KOXKMU;
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— HapyLleHMA HePBHOM CUCTEMDbI.

OcobeHHO yA3BMMbI K 3arpsAsHEHWUIO BO3AyXa AETU, NOXWAblE NOAN U AWLA C XPOHUYECKMMMU
3aboneBaHMAMM NETKMX U cepaLa.

OuyeHKa 8Ka1a0a 0OCHOBHbIX UCMOYHUKO8 3a2psA3HeHus 8 CBAO 2. Mocksbl

OueHKa BKNaga OCHOBHbIX MCTOYHUKOB 3arpAasHeHna atmocdepHoro Bosgyxa B CBAO r. MockBbl no
rogam 3a nocsegHue 5 net NnokasbiBaeT cefyowme TeHAEHUUN.

1. TpaHcnopT (93,7 % BbI6pOCOB):

— ABNAETCA KPYNHENLWMM UCTOYHNUKOM BbIOPOCOB 3arpA3HAOLWMX BELECTB;

— MOAEPHM3AUMA TPAHCMOPTa, BKAOYasA BHeapeHWe 3snekTpobycoB ¢ 2018 r. M orpaHuyeHue
MCNOMb30BaHMUA AN3eNbHbIX aBTOMODOUAERN, CHU3MAA BbIBpoCkl NpuMepHO Ha 15-20 % Kk 2025 r,;

— NPU 3TOM WHTEHCUBHOCTb [AOPOMKHOIO ABWUMEHWA M COCTaB aBTOMapKa OCTAlOTCA K/HOYEBbIMM
dakTOopamu.

2. MpomblwneHHocTs (5 % BbiGpOCOB):

— OCHOBHbIE 3arpA3HUTE/IN — OKCUAbl Cepbl, B3BELIEHHblIE YacTuUbl, JIETy4Me OpraHu4ecKkue
coenHeHun, popmanbaerna;

— TeXHONOrMYecKas MogepHU3auma obecrneynna CHUXKEHWe BbIbpocoB npumepHo Ha 10 % 3a
nocnegHue 5 ner.

3. Otonnenue (1,3 % BbiBpOCOB):

— 3HauMTeNbHbIA BKNAA B 3arpA3HEHMEe BO34yxa NPUXOAUTCA Ha OTOMWUTENbHbIN Cce30H (OKTABPb-
anpenb);

— BHegpeHue 6onee 3KONOMMYHbIX CUCTEM OTOMAEHWS M NEepeBos, Ha ras WKW 3NEKTPUYECTBO
NO3BOJAUAM CHU3UTL Bblbpockl Ha 10-15 %.

BbiBOADbI M NpeanoxeHus.

MonyyeHHble B Xo4e UCCNef0BaHUA pe3ynbTaTbl NO3BONAIOT TaKKe NO-HOBOMY B3I/IAHYTb Ha Npobaemy
$OHOBOTO 3arpsA3HeHUs cenmTebHbIX TePPUTOPUIA. B COOTBETCTBMM C AEMCTBYIOLWEN METOLMKON, NPU pacyéTe
BK/1a4a NPOMbILWIEHHOIO NPEANPUATUA B YPOBEHb 3aMblIJIEHHOCTM XUAOW 3aCTPOIMKN OBbIMHO MCNOMb3YIOT
AoANTUBHYIO CXeMy, rae Kaxaas Teépaan ¢asa oueHMBaeTca M30AMpoBaHHO. OAHAKO, Kak MOKas3aHo Ha
npumepe 3aBoga «CeBepAHUHY, CyMMapHbIi 3GGEKT OT HECKONbKUX BUAOB Mblin, 061a4aoWwmnx CXOAHbIM
MEXaHW3MOM BO3AelCcTBUA (pecnupabenbHble paKLmm, OcefatoLme B HUKHUX AbIXaTeNbHbIX MYTAX), MOXKET
NPeBbIATb MOPOroBble 3HAYEHUA OaXKe TOr4a, KOraa KaKablit KOMNOHEHT B OTAE/bHOCTU HAXOoAMTCA B
npegenax HopmaTmMea. ITO O3HAYaeT, YTo cywecTeyowana cuctema NAK ana otaenscHbIX BewecTs CO34aET
WANO3UI0 61Aronoay4msa U He CTUMYANPYET NPeANpPUATUE K CHUMKEHMIO 06LLLEen macchl NblaieBoro Bblbpoca. C
TOYKM 3PEHUA OLLEHKM PUCKa 340pOBblo, Honee KOPPEKTHbIM ABAAETCA UCMOAb30BaHWe mnokasaTena TSP,
KOTOpPbI aKKYMYMPYET BKNAL BCeX TBEPAbIX HACTULL.

[Ona CBAO r. MockKBbl, rae HabatogaeTcs BbICOKasA NAOTHOCTb HaceneHms u 61n30CTb MPOM3OH K XKWUJbIM
KBapTanam, UrHopmposaHue TSP MoXeT NpUBOAUTb K 3aHUMKEHUIO 30H CaHUTAPHO-3aLWMTHONO pa3pbiBa B 2-
2,5 pasa, 4To NoATBEPXKAAT HALWKM PacUETbl (30HA CBEPXHOPMATUBHOIO 3arpsAasHeHus no TSP gocturaet 350
M, TOTAa KaK Mo KaxK4oMy OTAe/IbHOMY BellecTBy — He 6osiee 150 m).

Kpome TOro, BbiABNEHHbIE PACXOXKAEHUA MEXAY PACYETHBIMU U HAaTYPHbIMM SAHHBIMU AN OTAENbHbIX
BMAOB Nblnn (KoadpduumeHT Koppensumm 0,87) yKasbiBatoT Ha HEOOXOAMMOCTb NePUOANYECKON KaNMBPOBKY
MEeTOA0B MOAEANPOBAHUA C Y4ETOM MECTHOM PO3bl BETPOB M XapakTepa 3acTpoiku. B CBAO r. MockKBbl,
ocobeHHO B 30He ApocnaBckoro n AnTydbeBCKOro LWocce, NpeobnafatoT MHOTOSTaXKHbIE XKUWJ/ble KOMMNJIEKCbI,
CO34aM0lne «KAHbOHHbIN» 3ddEKT, KOTOPbIM 3ameanAeT TopuU3OHTaNbHOE pacceMBaHWE MNPUMECEN.
Cywecrsylowasa nporpamma «dkonor-fopoga» nNO YMONYAHUIO WCMOAb3YET YNPOLWEHHYIO MOAENb
TypbyneHTHon gmddysnn, He Bceraa afeKBaTHO OTPArKAOLLYIO 3aCTOMHbIE 30Hbl B MJIOTHOW 3aCTPOWMKe.
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MosToMy ANnA MOBbIWEHUA TOYHOCTU TUTMEHUYECKUX OLLEHOK pPEeKOMEHAYeTCA [AOMNOMHATb PaACYéThI
HaTYPHbIMM 3amepamu MN3/1 B KOHTPONbHbIX TOYKAX, PACMOI0KEHHbIX Ha BbicoTe 1,5 M OT ypoBHA 3emnu (30Ha
AblxaHuA). Takon KOMBUHMPOBAHHbBIM MOAXO0A, Y*Ke NPUMEHAETCS B €BPOMNENCKUX HOPMaTUBax (Hanpumep, B
aunpektuse EC 2008/50/EC) n nokasasn cBoto 3pHEeKTUBHOCTb NMPU KOPPEKTUPOBKe rpaHuL, C33.

BHegpeHWe aHanornyHol npaktmkn B CBAO r. MocKBbl M03BOANAO Bbl HE TO/IbKO YTOYHUTbL PeasibHble
30Hbl CBEPXHOPMATMBHOIO 3arpAsHeHus TSP, HO M 060cHOBaTb MPUOPUTETHbIE BO34YXOOXPaHHbIE
MEpPOMNpPUATUA ANA KOHKPETHbIX PalioHOB (YCTaHOBKA AOMNO/IHUTENbHbIX GUIBTPOB Ha 3aBOAE, BbIHOC XKWU/bA
WN U3MEHEHUE peXMMa PaboTbl NpeanpuATUSA).

Ons ynydweHua skonornyeckon cutyaumnm 8 CBAO r. MocKBbI NpeanaratoTca cnegytowme mepbi:

1. MogepHu13auma 1 3KoOA0rn3aumna TpaHcnopTa:

— NPOJO/IKMUTb NEPEXOA Ha 3/1eKTPOBYCbI M OFpaHUYEHME Bbe3aa aBTOMOBUAEN HUSKMX SKONOTUYECKUX
KN1accoB;

— OrPaHNYMUTbL Bbe3[, B LeHTPasIbHble paioHbl . MockBbl, Beaywme 8 CBAO r. MocKBbl, aBTomobunen ¢
HU3KUMU 3KONOTUYECKUMU KNaccamu;

— pa3BMBaTb aKTUBHbIE BMAbI TPAHCNOPTA — NELLEXOAHbIE 30HbI, BEN0A0POXKKY;

— ONTUMM3NPOBATb AOPOXKHYIO CETb A1A YMEHbLUEHUA NPOOOK.

2. Y)KeCTouyeHMe KOHTPO/A U MOAEepPHU3ALMA NPOMbILNEHHOCTU:

— BHeAPATb COBPEMEHHbIE GUNBTPbI U CUCTEMbI OYUCTKM BbIBPOCOB Ha NPeanpUATUSAX;

— NpoaBuraTb Nepexos Ha NPUPOAHbIN ra3 n BO30OHOBAAEMbIE UCTOYHUKM SHEPTUMN.

3. PasBuTHe 03eneHeHnA U 3e1eHOM MHPPaACTPYKTYpPbI:

— pacWMpUTb 3eN1éHble HacaXKAeHWA BAOIb MarnucTpanei (1Mna, KNéH, envb);

— pacwmnpaTb U 06HOBAATL FOPOACKME MAPKK, CKBEPBI U 3e/1eHbIE KOPUZOPDI;

— MCNO/Ib30BaTb 3KOJIOFMYECKU YCTONYMBBIE PACTEHMA, MOMNOLLLAOLWME 3arpPA3HUTENN.

4. CoBepLIeHCTBOBaHME CUCTEM OTONJEHWUS U SHEPrOCHAbXKeHMA:

—Ha T3LU-21 1 TAU-22 ycTaHOBUTb KaTa/IMTUYECKME HENTPANN3ATOPbI M PYKaBHbIE GUNLTPBI;

— YCUNUTb MOHUTOPUHT 3@ CHET AONONHUTENbHbIX AaT4MKkoB PM2,5 n dopmanbvaernaa;

— BHecTu um3ameHeHume B CanllnH 1.2.3685-21, pononHuMB pasgen No B3BELWEHHbIM BelLecTBam
TpeboBaHMem pacyéTta TSP.

5.  ¥YnyyweHne MOHUTOPUHIA U UHPOPMUPOBAHUA HACENEHUA:

—o0becneynTb OTKPbITbIM M JOCTYMHbIA MOHUTOPUHI KaYeCcTBa BO34yXa B PEXKMME PeasibHOro BPEMEHMH;

— BHeApATb CUCTEMY OMOBELLEHUI O NPEBbILEHUN 3arpA3HUTENEN;

— MOBbILWATb IKONOTMYECKYI0 FPAaMOTHOCTb HaceNeHusA.

6. PerynnpoBaHue CTPOUTENbHON U JLOPOXKHOM AeATENbHOCTH:

— OCYLLECTBNATb PErYASPHYIO BAAXKHYI0 YOOPKY Aopor v yauu,;

— KOHTPO/IMPOBaTb BbIGPOCHI MbIJIN U CTPOUTENIbHBIX OTXOA,0B.

3a nocnegHee gecatunetme B CBAO r. MoOCKBbI AOCTUIHYTO COKpaLleHue Bblbpocos CO B 3 pasa, NO, —
8 1,3 pasa, PM10 — Ha 30 %, uto noareepKaaeT apHeKTUBHOCTb KOMMIEKCHOMO NOAX0Aa.

TakuM 06pa3om, MOXKHO NPUNTK K CieayOWUM BbIBOAAM:

1. No ntoram 2025 roaa yCTaHOB/IEHO, YTO aBTOTPAHCNOPT ABAAETCA OCHOBHbIM UCTOYHMKOM
nbinesoro 3arpsasHeHuna atmocdepbl CBAO r. MockBbl — 93,7 % OT cymMapHbIx Bblbpocos. Hanbonblune
npesbiwenuns NAOK duKcmpytoTcs B6amn3m ApociaBckoro n AnTydpbeBCKOro WoCce, a TaK»Ke B paiioHax KOxKHoe
MepBeakoBo n OcTaHKMHO. [lonsa npomblilwAeHHOCTN — 5 %, otonneHnsa — 1,3 %.

2. PacuyétHoe mopenuposaHume gna AO «MeTtannypruyeckmin 3asog «CeBepaHMH» NOKasano: no
OTAE/IbHbIM BMAam Nbiaun npesblweHnn MAK Ha rpaHnue C33 1 B *KUNoM 3acTpoiike HeT. OgHaKo npu yyéte
COBOKYMHOM TBEpA0I KOMNOoHeHTbl (TSP) KoHUeHTpauus Ha rpaHuue C33 gocturaet 2,6 MAK, B *Kunom 3oHe
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—1,96 NAK, uto TpebyeT pacwmnpeHuna C33 uamn cHMKeHMA BbIBPOCOB.

3. ConocTtaBneHue pPacyETHbIX U HaTYPHbIX AAHHbIX NOATBEPXKAAET aAeKBAaTHOCTb MOAE/IMPOBAHUA
(koapduumeHT Koppensumm 0,87). PekomeHayeTca obasaTtenbHbli pacyéT TSP ana Bcex NPOMbILWIEHHbIX
06bEKTOB C HECKONBKMMU BUZAMM MbleBbIX BbIBPOCOB Npu cornacosaHum npoektos MAK n C33.

4. [Ons rapmoHM3auumM HopMaTUBHOWM 6asbl LenecoobpasHo BHecTM uameHeHume B CaHlnH 1.2.3685-
21 (y7B. 28.01.2021 Ne 2), gononHuB pasgen «B3BelweHHble BellecTBa» TpeboBaHMEM pacyéTa CYMMAPHOro
nokasartens TSP Ha rpaHuue C33 1 Ha cenuTebHbIX TEPPUTOPUAX, a TaKKe rapMOHU3UPOBATL onpeaeseHne
«B3BeELIEHHble BellecTBa» c ¢dopmynmposkon BO3. BeegeHue nokasatena TSP ¢ NAK 0,5 mr/m® u
06A3aTeNbHbIA  ero  pacyéT npu npoektMpoBanum C33 pna O06BEKTOB C  HECKONbKMMU  BUAAMM
Hecneundpuyeckom Nbian NO3BOUT COKPATUTL A0/ XKUbIX LOMOB B 30HE CBEPXHOPMATUBHOTIO 3arpA3HEHNS
npumepHo Ha 60%.

KoHKpeTHbIe NpeasioxKeHna no NU3MeHEeHM0 HOPMATUBHOM 6a3bl BK/IOYALOT:

— BBegeHue B CaHluH 1.2.3685-21 nokasatena «CymmapHble B3BelleHHble 4actuubl (TSP)» ¢
npeaenbHo AoNycTUMOW CpeaHecyTouYHOM KoHueHTpauumei 0,5 mr/m3, pacnpocTpaHsAlolleroca Ha Bce
TBEpAble BbIOPOCHI NPeanpuUATUA HE3aBUCMMO OT UX XMMUYECKOTO COCTaBa (3a WCKAKYEeHWEM
KaHLUEpPOreHHbIX BUA0B, A1 KOTOPbIX COXpaHAOTCA MHAMBUAYyanbHble MAK);

— obnasaTenbHOe npoBefeHWe pacyéta TSP npu npoektnposaHum C33 gns o6bHEKTOB, Y KOTOPbIX B
BEAOMOCTU MHBEHTApPU3aL MM 3as8BEHO0 bonee ABYX BUAOB Hecneumnpuyeckon noiau;

— UCNo/sb30oBaHME KoadPULMEHTA KOPPENALMN PACYETHLIX M HATypHbIX AaHHbIX He Huxke 0,8 Kak
KpUTEPUA 0OCTOBEPHOCTM MOAENPOBaHMA.

Mo npeaBapuTenbHOM oUEeHKe, peannsauma aTux TpebosaHunit 8 CBAO r. MOCKBbI MO3BOJIUT COKPATUTb
OO0 KWAbIX OOMOB, MNOMNAAAlOWMX B 30HY CBEPXHOPMATUBHOIO MblNeBOro 3arpasHeHua oT AO
«MeTannypruyecknin 3aBog «CeBepAHMH», NpuUMepHO Ha 60% 3a c4éT nepeHoca rpaHuubl C33 c
cywecTaytowmx 150 m 4o pacyéTHbix 350 M IMBO 3a CHET CHUMKEHMA BbIOPOCOB A0 YPOBHSA, Npu KoTopom TSP
He npesbiwaet 0,5 mr/m3 Ha rpaHuue 150 m.
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COMPUTATIONAL MORPHOGENESIS AND MATERIAL INFORMATICS IN STRUCTURAL ENGINEERING

Abstract

The fields of architecture and structural engineering are experiencing a profound technological
transformation, moving past traditional linear design workflows toward integrated, algorithmically driven
methodologies. This article explores the core scientific pillars defining modern high-performance
architecture: the implementation of computational morphogenesis via topology optimization, the
orchestration of asset data through 7D Building Information Modeling (BIM), the deployment of self-healing
bio-concrete matrices, and the logistical scaling of prefabricated volumetric construction. Together, these
frameworks transition the built environment from a collection of static enclosures into highly optimized,
adaptive, and climate-resilient structural systems.

Keywords:
computational morphogenesis, topology optimization, 7D BIM, material informatics, self-healing concrete,
industrialized construction, structural engineering.

Introduction

For decades, the fields of architecture and construction operated on a fragmented model. Architects
drew stylized forms based on aesthetic preference, structural engineers added internal reinforcement to
prevent collapse, and construction crews managed the physical logistics of on-site assembly. This linear
approach frequently created significant structural redundancies, excessive material waste, and buildings that
failed to perform optimally across their operational lifespans.

In the contemporary era, this fragmented workflow has been replaced by a unified framework known
as tectonic convergence. Driven by high-fidelity computational modeling, material informatics, and robotic
fabrication, modern construction treats design and assembly as an integrated, multi-variable optimization
problem. Structures are no longer merely drawn; they are algorithmically generated, structurally simulated,
and digitally manufactured to respond precisely to environmental forces and structural loads.

Core Pillars of Modern Structural Engineering

1. Computational Morphogenesis and Topology Optimization

A major breakthrough in contemporary structural engineering is computational morphogenesis—the
process of using algorithms to evolve structural forms based on physical forces. Instead of relying on
standardized, solid geometric shapes like rectangles and cylinders, engineers utilize topology optimization
software.

The engineer inputs the boundary conditions of the project—such as load requirements, support
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locations, and wind vectors—and the algorithm systematically removes material from areas that experience
minimal stress.

This iterative digital process generates organic, branching, or porous structural members that closely
mimic natural biological systems, such as the internal structure of bird bones. Because these morphogenetic
forms place material only where forces travel, they can withstand immense structural stress while reducing
overall material consumption by up to 35% compared to conventional solid beams.

2. Asset Orchestration via 7D Building Information Modeling (BIM)

Managing the execution of complex, multi-layered modern infrastructure requires a centralized data
ecosystem. This is achieved through the implementation of 7D Building Information Modeling (BIM), which
updates the concept of the static blueprint into a live, cloud-connected digital twin.

3. Material Informatics: Self-Healing Bio-Concrete

Concrete remains the literal foundation of modern civilization, yet traditional mixes are highly
susceptible to micro-cracking caused by seismic settling, moisture infiltration, and thermal contraction.
Modern construction science addresses this vulnerability by utilizing material informatics to engineer self-
healing bio-concrete.

By systematically sealing internal micro-fissures before they reach the embedded structural steel
rebar, these self-healing composites eliminate the need for manual concrete injections and double the
operational lifespan of heavy infrastructure.

4. Industrialized Volumetric Construction

To address urban density, labor shortages, and environmental pollution, modern execution is rapidly
shifting from manual on-site assembly to Industrialized Construction (IC). In this framework, up to 80% of a
building’s structure is manufactured off-site within highly automated, climate-controlled factories.

Using robotic welding, automated masonry lines, and computerized quality control, entire building
sections—including fully plumbed, wired, and finished rooms—are produced as three-dimensional
volumetric modules. These pre-engineered systems are shipped to the construction site and systematically
locked into place using high-capacity cranes. This parallel workflow compresses project timelines by up to
50% and dramatically reduces local site noise, dust, and material waste.

Conclusion

The fields of architecture and construction have advanced past the limits of manual drafting and
uncoordinated on-site fabrication. By merging algorithmic morphogenesis, 7D digital twins, self-healing
material composites, and high-precision industrialized assembly, the modern construction sector achieves
an unprecedented state of structural fidelity. These contemporary buildings are no longer passive blocks in
an urban grid; they are highly optimized, intelligent structural systems designed to interface with
environmental forces, minimize resource consumption, and ensure long-term civilizational resilience.

References:

1. Schumacher, P. The Autopoiesis of Architecture: A New Framework for Design. — Wiley Press, 2011
(Parametricism Review Edition, 2024).
2. Journal of Computational Design and Structural Engineering, Optimizing Topology and Wind Vector
Deflection via Evolutionary Code, Vol. 28, March 2025.
3. International Building Information Modeling Consortium, Standardizing 7D Digital Twin Lifecycles in Smart
City Infrastructure, 2025.
4. European Journal of Advanced Materials and Concrete Research, Biomimetic Calcite Precipitation and
Long-Term Durability Matrix Testing in Bio-Concretes, January 2026.

© Shyhyyeva 0., Hojalyyev K., Jummanov D., Kerimov E., 2026

64



HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

Shyhyyeva O.,

lecturer,

Babajanova A.,

student,

Batyrov M.,

student,

Gurbanov S.,

student,

Turkmen State Institute of Architecture and Construction
Ashgabat, Turkmenistan

FLUID MECHANICS: RHEOLOGICAL ENGINEERING, COMPUTATIONAL TOPOLOGY,
AND THE MATERIALIZATION OF 3D CONCRETE PRINTING

Abstract

The physical execution of architectural forms is undergoing a paradigm shift driven by the transition
from traditional cast-in-place formwork to automated 3D Concrete Printing (3DCP). This article explores the
mechatronic and material breakthroughs defining contemporary construction automation. By analyzing the
fluid mechanics and rheological optimization of printable cementitious matrices, the algorithmic derivation
of self-supporting topologies, and the integration of multi-axis robotic gantry extruders, this study illustrates
how modern civil engineering replaces structural mass with geometric intelligence.

Keywords:
3d concrete printing (3DCP), rheology, buildability, computational topology, extrusion automation, material
informatics, fluid mechanics.

Introduction

For centuries, the fundamental constraint of concrete construction was the formwork. To pour a fluid
mix of cement, aggregate, and water, engineers first had to construct a temporary wooden or metallic mold.
This linear methodology meant that the geometry of the built environment was dictated by the economics
of formwork fabrication, favoring flat planes, right angles, and uniform columns. Consequently, highly
optimized, curved, or non-linear structural forms remained financially and logistically prohibitive.

In the contemporary era, the development of 3D Concrete Printing (3DCP) has systematically
dismantled this geometric limitation. By combining automated robotic extrusion with precision material
chemistry, 3DCP eliminates temporary forms entirely. Structures are printed layer-by-layer directly from
digital Building Information Modeling (BIM) files, allowing for the execution of structurally optimized,
complex topologies. This shift transitions construction engineering from a process of bulk casting to an exact
science of digital material deposition.

Core Technical Pillars of Automated Construction

1. Material Informatics: Rheological Optimization and the Printability Window

The primary engineering challenge of 3DCP lies in a chemical paradox: the concrete mix must be fluid
enough to be pumped through hundreds of meters of hoses without clogging, yet rigid enough to hold its
shape immediately upon extrusion and bear the weight of subsequent layers without collapsing.

To resolve this, modern material informatics relies on precise rheological engineering, controlling the
yield stress and plastic viscosity of the fresh cementitious paste.

Engineers optimize the mix by introducing a precise cocktail of chemical admixtures:
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e Superplasticizers (High-Range Water Reducers): Temporarily lower the mix's viscosity under
pressure, allowing the concrete to flow smoothly through the pump line.

e Viscosity Modifying Agents (VMAs): Prevent aggregate segregation and bleeding, ensuring the mix
remains homogenous during transport.

e Accelerators (e.g., Calcium Nitrate): Injected directly at the nozzle tip to trigger immediate hydration
upon extrusion, rapidly increasing the concrete's local yield stress.

This creates a highly defined printability window, where the material undergoes a rapid phase
transition from a fluid state inside the machine to a structural, load-bearing state the millisecond it leaves
the nozzle.

2. Computational Topology and Toolpath Engineering

Without the containment of formwork, printed concrete profiles must be self-supporting during the
curing phase. 3DCP relies heavily on computational topology—the use of mathematical algorithms to design
internal structural geometries that maximize strength while minimizing mass.

Instead of printing solid walls, robotic slicing software generates intricate internal truss patterns, such
as triangular or sinusoidal infills. These hollow matrices serve multiple engineering purposes:

e Material Reduction: Cuts overall concrete consumption by up to 40% compared to traditional solid
casting.

o Utility Integration: Creates continuous vertical and horizontal conduits inside the wall for plumbing,
electrical wiring, and reinforcement ties.

e Thermodynamic Insulation: The trapped air pockets inside the printed hollow cavities act as natural
thermal barriers, drastically improving the building's energy efficiency.

3. Mechatronic Execution: Multi-Axis Robotic Gantry Networks

The physical materialization of digital toolpaths is executed by high-precision robotic systems. Modern
construction sites utilize two primary mechatronic configurations: heavy Cartesian gantry cranes or multi-
axis articulated robotic arms mounted on autonomous mobile tracks.

These automated systems operate with sub-millimeter tracking accuracy. By linking the continuous
extrusion pump directly to the robot's velocity vector, the system dynamically adjusts flow rates. If the
robotic arm slows down to navigate a tight geometric radius or corner, the pump instantly reduces material
flow, maintaining a perfectly uniform layer height and preventing structural deformations.

Conclusion

The architecture and execution of civil infrastructure has transitioned from an era of manual assembly
to a disciplined framework of robotic fabrication. By mastering the rheological fluid mechanics of
cementitious pastes, utilizing algorithmic topology optimization, and deploying multi-axis mechatronic
networks, modern construction achieves an unprecedented level of resource efficiency and design fidelity.
As automated printing technologies continue to scale, they establish a highly sustainable urban future where
human structures are no longer defined by the limits of their molds, but by the mathematical precision of
their code.
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KINETIC INFRASTRUCTURE: PARAMETRIC ARCHITECTURE AND THE
PHYSICS OF MODERN CONSTRUCTION

Abstract

The fields of architecture and structural engineering are undergoing a profound technological
transformation, moving away from rigid, static designs toward fluid, responsive, and data-driven systems.
This article investigates the core methodologies defining modern construction science: the application of
parametric algorithms to optimize building forms, the integration of 7D Building Information Modeling (BIM)
for lifetime lifecycle tracking, the engineering of self-healing bio-concrete materials, and the implementation
of modular, pre-engineered structural assemblies. Together, these frameworks enable the global
construction sector to construct highly complex, climate-resilient urban environments with unprecedented
material efficiency.
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construction, structural engineering, prefabricated modules.

Introduction

For generations, architecture and construction relied on orthographic projections and standardized
geometric forms. Buildings were conceptualized as assembilies of static boxes, constrained by the limitations
of manual drafting and traditional material strengths. While this linear approach built the modern industrial
metropolis, it often resulted in excessive material waste, structural redundancy, and buildings that failed to
adapt to their local environmental conditions.

In the current era, the construction industry has broken past these rigid constraints. Driven by the
convergence of computational design algorithms, advanced material science, and real-time cloud analytics,
modern architecture functions as a living, responsive ecosystem. Today, structures are not merely drawn;
they are algorithmically grown, simulated, and manufactured to optimize structural performance, minimize
carbon footprints, and respond dynamically to the forces of nature.

Core Pillars of Modern Architectural Engineering

1. Parametric Architecture and Evolutionary Structural Forms

A revolutionary paradigm shift in modern design is the replacement of fixed geometry with parametric
design. Instead of drawing specific walls or roofs, architects program a set of interconnected variables—such
as solar angles, wind loads, structural spans, and local acoustic requirements—into a computational design
engine.

The algorithm systematically runs thousands of architectural permutations, using evolutionary code to
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isolate the single most efficient geometric form. This methodology frequently generates organic, curved, or
fluid topologies that resemble natural skeletal systems.

Because these mathematical forms are engineered to distribute structural stresses evenly across their
entire surface, they allow for massive, pillar-free interior spans while using up to 30% less raw structural
material than traditional rectangular designs.

2. Digital Twin Orchestration: The Leap to 7D BIM Systems

The coordination of complex modern skyscrapers requires a centralized digital nervous system. This is
achieved through Next-Generation Building Information Modeling (BIM), which has advanced from simple
3D visual models into comprehensive 7D digital twins.

A contemporary 7D BIM ecosystem operates as a live, shared data environment that tracks a building
across seven distinct operational dimensions:

¢ 3D (The Geometry): The exact spatial orientation of every structural beam, pipe, electrical conduit,
and window pane.

e 4D (Time): A real-time construction schedule linked directly to the digital model, allowing Al
sequencing engines to simulate and optimize the step-by-step physical assembly of the building.

¢ 5D (Cost): Dynamic budgetary tracking that automatically updates material costs and labor estimates
whenever a design variable is altered.

e 6D (Sustainability): Calculating the lifelong carbon footprint of the building, evaluating energy usage
models, and tracking LEED or international green building certifications.

¢ 7D (Facility Management): Embedding microchips and loT sensors into physical building components.
This allows structural engineers to track concrete stress levels, elevator performance, and thermal efficiency
long after construction concludes, shifting maintenance from reactive repairs to predictive optimization.

3. Advanced Material Science: Self-Healing Bio-Concrete

Concrete is the literal foundation of global infrastructure, yet its production is highly carbon-intensive,
and traditional formulas are prone to micro-cracking over time due to weather cycles and structural settling.
Modern construction science has addressed this vulnerability through the deployment of self-healing bio-
concrete.

By eliminating the need for manual structural repairs and halting internal rebar corrosion before it
begins, these innovative materials double the operational lifespan of bridges, marine docks, and high-rise
foundations.

Conclusion

The fields of architecture and construction have evolved far beyond the limits of static design and
manual assembly. By merging parametric generation algorithms, comprehensive 7D BIM ecosystems, self-
healing material matrices, and advanced off-site modular fabrication, the construction sector has achieved a
state of dynamic precision. These structures are not merely passive monoliths; they are highly optimized,
intelligent interventions in the built environment, designed to withstand the volatile forces of nature while
providing sustainable, resilient spaces for human civilization to grow.
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TECTONIC CONVERGENCE: COMPUTATIONAL MORPHOGENESIS AND MATERIAL
INFORMATICS IN STRUCTURAL ENGINEERING

Abstract

The intersection of architectural design and structural execution is undergoing a paradigm shift driven
by computational morphogenesis, advanced materials science, and digital fabrication pipelines. This article
investigates the core methodologies defining modern high-performance architecture: the algorithmic
derivation of structural forms using topology optimization, the integration of 7D Building Information
Modeling (BIM) for real-time asset orchestration, the chemistry of self-healing bio-concrete, and the logistical
scaling of prefabricated volumetric construction. Together, these frameworks transition the built
environment from a collection of static enclosures into highly optimized, adaptive, and climate-resilient
structural systems.
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Introduction

For decades, the fields of architecture and construction operated on a linear, fragmented model.
Architects drew stylized forms, structural engineers added reinforcement to prevent collapse, and
construction crews managed the physical logistics of on-site assembly. This fragmented approach frequently
created structural redundancies, excessive material waste, and buildings that failed to perform optimally
across their operational lifespans.

In the current era, this linear model has been replaced by a unified framework known as tectonic
convergence. Driven by high-fidelity computational modeling, material informatics, and robotic fabrication,
modern construction treats design and assembly as an integrated, multi-variable optimization problem.
Structures are no longer merely drawn based on aesthetic preference; they are algorithmically generated,
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structurally simulated, and digitally manufactured to respond precisely to environmental forces and
structural loads.

Core Pillars of Modern Structural Engineering

1. Computational Morphogenesis and Topology Optimization

A major breakthrough in contemporary structural engineering is computational morphogenesis—the
process of using algorithms to evolve structural forms based on physical forces. Instead of relying on
standardized geometric shapes like rectangles and cylinders, engineers utilize topology optimization
software.

The engineer inputs the boundary conditions of the project—such as load requirements, support
locations, and wind vectors—and the algorithm systematically removes material from areas that experience
minimal stress.

This iterative digital process generates organic, branching, or porous structural members that closely
mimic natural biological systems, such as the internal structure of bird bones. Because these morphogenetic
forms place material only where forces travel, they can withstand immense structural stress while reducing
overall material consumption by up to 35% compared to conventional solid beams.

2. Material Informatics: Self-Healing Bio-Concrete

Concrete remains the literal foundation of modern civilization, yet traditional mixes are highly
susceptible to micro-cracking caused by seismic settling, moisture infiltration, and thermal contraction.
Modern construction science addresses this vulnerability by utilizing material informatics to engineer self-
healing bio-concrete.

By systematically sealing internal micro-fissures before they reach the embedded structural steel
rebar, these self-healing composites eliminate the need for manual concrete injections and double the
operational lifespan of heavy infrastructure.

4. Industrialized Volumetric Construction

To address urban density, labor shortages, and environmental pollution, modern execution is rapidly
shifting from manual on-site assembly to Industrialized Construction (IC). In this framework, up to 80% of a
building’s structure is manufactured off-site within highly automated, climate-controlled factories.

Using robotic welding, automated masonry lines, and computerized quality control, entire building
sections—including fully plumbed, wired, and finished rooms—are produced as three-dimensional
volumetric modules. These pre-engineered systems are shipped to the construction site and systematically
locked into place using high-capacity cranes. This parallel workflow compresses project timelines by up to
50% and dramatically reduces local site noise, dust, and material waste.

Conclusion

The fields of architecture and construction have advanced past the limits of manual drafting and
uncoordinated on-site fabrication. By merging algorithmic morphogenesis, 7D digital twins, self-healing
material composites, and high-precision industrialized assembly, the modern construction sector achieves
an unprecedented state of structural fidelity. These contemporary buildings are no longer passive blocks in
an urban grid; they are highly optimized, intelligent structural systems designed to interface with
environmental forces, minimize resource consumption, and ensure long-term civilizational resilience.
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THE CARBON-NEGATIVE ENVELOPE: MASS TIMBER ENGINEERING AND TIMBER INFORMATICS
IN MASS URBAN INFRASTRUCTURE

Abstract
The architecture and construction sectors are moving beyond traditional carbon-intensive building

materials toward a structural paradigm governed by Timber Informatics and Mass Timber Engineering. This
article investigates the contemporary technical frameworks defining high-rise timber architecture: the
structural mechanics of Cross-Laminated Timber (CLT) and Glue-Laminated Timber (Glulam), the integration
of 7D Building Information Modeling (BIM) for precise mass timber supply-chain tracing, the chemistry of
natural bio-resin binders, and the deployment of hybrid mass timber-steel core assemblies. Together, these
frameworks enable the construction of mid- and high-rise structures that function as localized carbon sinks
while maintaining structural parity with conventional concrete and steel.
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Introduction

For over a century, urban expansion was synonymous with concrete and steel production—two
industrial processes that collectively account for a massive share of global greenhouse gas emissions. While
these materials built the modern industrial city, their structural deployment frequently incurs a massive
environmental tax. Traditional architectural design treated buildings as resource-intensive consumers of
energy rather than passive infrastructure designed to capture and sequester environmental carbon.

In the current era, civil engineering is undergoing an ideological shift toward timber informatics. Driven
by advanced computational woodworking, high-capacity hydraulic pressing lines, and strict material
informatics, Mass Timber Engineering has emerged as a structurally viable alternative for high-density, mid-
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to high-rise urban centers. By engineering structural wood products at a macroscopic scale, contemporary
architects are designing buildings that combine seismic flexibility, rapid pre-engineered assembly, and
genuine carbon-negative lifecycles, redefining the role of cities in global ecological systems.

Core Pillars of Mass Timber Architecture

1. Macro-Structural Material Informatics: CLT and Glulam Dynamics

The technical foundation of high-performance timber construction relies on engineered wood
products, primarily Cross-Laminated Timber (CLT) and Glue-Laminated Timber (Glulam). These materials are
fabricated by layering kiln-dried lumber dimensional boards in alternating orthogonal or parallel orientations,
which are then bonded under immense hydraulic pressure.

By alternating the grain direction of each successive lumber layer by 90°, CLT panels eliminate the
natural anisotropic weaknesses of raw wood (such as directional splitting and moisture-induced warping).
This engineered configuration provides structural panels with a strength-to-weight ratio that rivals structural
steel and concrete, allowing them to function as heavy load-bearing floors, roofs, and shear walls in high-
density urban infills.

2. Logistical Orchestration via Timber Informatics and 7D BIM

Because mass timber panels are manufactured to sub-millimeter precision off-site, there is zero
tolerance for design errors during physical on-site erection. To manage this complexity, modern construction
orchestrates these assets through a centralized 7D Building Information Modeling (BIM) database linked to
regional forestry metrics.

This digital twin tracking controls the entire lifecycle of the timber components:

e Sourcing & Chain-of-Custody: Tracking individual structural timber members back to sustainably
managed, certified forests using automated RFID codes.

e Factory CNC Machining: Exporting the digital blueprint's parameters directly to multi-axis CNC
routers that cut precise window voids, plumbing pathways, and structural joinery joints into the panels
before they leave the factory floor.

e Just-In-Time Sequencing: Simulating the transportation and crane lift sequences inside the 4D BIM
timeline, ensuring that components arrive on-site and are swung directly into place from the truck bed,
completely eliminating the need for local material staging areas.

Conclusion

The architecture and execution of civil infrastructure has shifted its focus from resource depletion to
structural sequestration. By combining the natural physics of wood cells with advanced cross-lamination
geometry, 7D digital twins, and fire-resistant bio-adhesives, mass timber engineering has established itself
as an essential cornerstone of modern urban development. As industrial timber informatics continues to
harmonize computational forestry with high-precision manufacturing, next-generation cities will no longer
be built out of materials that scar the environment—they will be algorithmically grown, milled, and locked
together to form the sustainable foundations of a resilient world.

References:

1. Green, M. The Case for Tall Wood Buildings: How Mass Timber Can Help Address Climate Change and
Urbanization. — Structural Wood Press, 2nd ed., 2024.
2. Journal of Structural Timber Informatics and Computational Design, Automating CNC Toolpath Logic from
7D BIM Object Matrices, Vol. 35, March 2025.
3. International Mass Timber Engineering Review, Testing Charring Rates and Layer Adhesion in High-Rise
Hybrid Core Assemblies, 2025.
4. European Journal of Material Science and Organic Polymers, Synthesizing Formaldehyde-Free
Polyurethane Binders for Structural Cross-Laminated Panels, January 2026.

© Shyhyyeva 0., Mammedov M., Mammedov G., Mammetdurdyyev E., 2026

72



HAYYHbIN }XYPHAN «A POSTERIORI» ISSN (p) 2712-9462 / ISSN (e) 2541-8068 N26 / 2026

Shyhyyeva O.,

lecturer,

Ashyrov A.,

student,

AshyrovE.,

student,

Atayev M.,

student,

Turkmen State Institute of Architecture and Construction
Ashgabat, Turkmenistan

REGENERATIVE BIOMIMICRY AND KINETIC ENGINEERING IN NEXT-GENERATION CONSTRUCTION

Abstract
The fields of architecture and structural engineering are moving past the era of sustainable mitigation
toward a paradigm of regenerative design. This article investigates the core technical frameworks defining
modern civil engineering: the integration of generative biomimicry to maximize material efficiency, the
development of kinetic facades that respond dynamically to microclimatic variations, the deployment of
mycelium-based structural composites, and the implementation of 3D concrete printing (3DCP) within
automated construction workflows. Together, these innovations transform buildings from passive consumer
assets into active contributors to local ecological and thermodynamic systems.
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Introduction

For decades, contemporary construction sought merely to minimize environmental damage through
standard efficiency metrics. Buildings were conceptualized as sealed, static barriers engineered to withstand
external forces through brute material mass. However, this defensive design philosophy has proven
insufficient to address the dual challenges of rapid urbanization and intensifying global climate volatility.

In the current era, the architectural and construction sciences are undergoing a fundamental
ideological shift known as tectonic symbiosis. Driven by breakthroughs in material informatics,
computational biology, and robotic automation, modern structures are designed to function like mature
biological organisms. Rather than isolating themselves from the environment, next-generation buildings
actively filter resources, regulate thermal energy, and self-heal under mechanical stress, redefining the
relationship between the built environment and the natural world.

Core Pillars of Regenerative Construction Science

1. Generative Biomimicry and Structural Optimization

A primary catalyst in modern structural design is the application of generative biomimicry—using
algorithmic engines to replicate the evolutionary design strategies found in nature. Instead of deploying
standardized, solid geometric columns and beams, structural engineers use computational modeling to
mimic the load-bearing efficiency of tree roots, bone matrices, and glass sponge skeletons.

By analyzing stress lines under simulated wind and seismic loads, generative design algorithms remove
material from low-stress zones while packing structural density exactly where the load paths travel. This
process generates complex, organic topologies that provide exceptional structural integrity. These optimized
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forms allow for expansive, lightweight spaces that utilize up to 40% less raw material than traditional steel-
and-concrete frameworks.

2. Kinetic Facades and Thermodynamic Adaptation

To regulate internal building temperatures without relying exclusively on energy-intensive HVAC
systems, modern architecture utilizes kinetic facades. These are computerized, mechanically active exterior
skins that alter their physical geometry in real time in response to moving environmental vectors, such as
changing solar angles, wind velocities, and barometric pressure.

Operating via a decentralized network of actuators linked to external weather sensors, a kinetic facade
shifts its louvers, panels, or origami-inspired shaders throughout the day.

¢ Solar Interception: The facade panels close or angle themselves to block direct solar radiation during
peak afternoon heat, drastically reducing cooling loads.

e Natural Ventilation: The panels automatically pivot into open configurations to capture ambient
breeze directions, channeling cool air throughout the internal structure via convective current loops.

e Daylight Harvesting: In overcast conditions, the facade opens fully, bouncing natural light deep into
the building's core to eliminate the need for artificial lighting.

3. Material Informatics: Mycelium Structural Composites

As the construction sector seeks alternatives to high-carbon building materials, mycelium-based
composites have transitioned from speculative biology to structural engineering. Mycelium—the dense,
root-like network of fungi—is grown on organic agricultural waste by-products inside pre-modeled geometric
molds.

Over a multi-day cultivation cycle, the mycelium digests the agricultural waste, binding the fibers into
a highly durable, lightweight, and natural structural composite. Once baked to halt growth, these bio-blocks
function as carbon-negative insulation panels and acoustic barriers. Because they are completely organic,
they can be crushed and returned to the soil as compost at the end of the building's operational lifespan.

Conclusion

The evolution of architecture and construction has advanced beyond the parameters of passive
sustainability into the frontier of active regeneration. By synthesizing generative biomimicry, kinetic
thermodynamic skins, carbon-negative mycelium composites, and automated 3D printing technologies, the
contemporary construction sector builds the foundation for a resilient urban future. These next-generation
structures are no longer static consumer monoliths; they are dynamic, intelligent partners within the global
ecosystem, engineered to optimize resources, self-regulate energy, and ensure long-term balance between
human civilization and the biosphere.
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