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SACTOCYBAHHA MYNbTHPOSAINbHUKOBHX KOLIB
[10 APXIBYBAHHA NPUPOJIHOMOBHMX TEKCTIB

Bemyn. Pisenv eghexmusnocmi  cyuacHux apxieamopie HaOIU3UECs, 00 MeopemuyHoi Meici.
Tokpawenns koediyienmy cmucHenHs Ne6Ho20 U0y OAHUX HABIMb HA YACMKU GI0COMKA, y pa3i
30epedHCeHHs PO3YMHO20 HACY CIMUCKAHHA Ul PO3NAKYBAHHS, 88AMCAEMbCA ICIOMHUM OOCACHEHHAM.
Axmyanvricms  yb020 O0OCNIONCEHHA SUSHAYAECMbCA UM, WO 3aNPONOHOSAHO HOBUL CHOCIO
KOOVBAHHA OAHUX, AKUU, 30Kpemd, 0de MOMCIUBICTNG 00CASMU 3HAYHO CYMMEGIUWO20 NIOBULYEHHS
Koe@iyieHmy CmucCHeHHs MeKCmi8 aneIilCbKOI0 ma HIMEYbKoo MOBAMU.

Memoto  cmammi €  upiwenHs — npobremMu  HEMOHOMOHHOCMI  CIOGHUKA
MYTbMUPO30IbHUKOBUX — KOOI8  ma  OO0CHONCEHH — OOYIIbHOCMI — BUKOPUCMAHHS
MYTbMUPO30IIbHUKOB020 KOOYBAHHS HA CMAOIi NONepedHb020 00pPOONIeH S NPUPOOHOMOBHUX
mexcmis y npoyeci ixHb020 apxigy8aHHsi.

Pesynomamu. Beedeno nousammsa  pegepcHozo  MYnbMupo30iIbHUKOBO20 — KOOY.
Tlobyoosano MoHOMOHHE KOOYBANbHE, A MAKONC 0EKOOYBANbHE BI000OPANCEHHS 3 MHONCUHU
HAMYpanoHUX qucen Ha MHOINCUHY KOOOBUX CIli@ PeBepCHO20 MYIbMUpPO30ibHUKOBO20 KOOY.
Hocniooceno egpexmusHicms 3acmocy8anus pesepCHUX MyNbMupo30ibHUKOBUX K008 00
CMUCKAHHA — NPUPOOHOMOBHUX — MEKCMi6.  3anponoHosano  Mexauizm  Onmumizayii
BUKOPUCMANHA CIOBHUKA Y NpOYeci apxiey8anusi NPUpOOHOMOSHUX meKkcmie. IIpogedeno
excnepumenmu, pe3yibmamu sKuUx ceiduams, Wo NONepeoHc KOOYBAHHS AHSNIUCLKUX mda
HIMEYbKUX MEKCMIB PeGepCHUMU  MYTbMUPO3OLTbHUKOBUMU KOOAMU MA 3ACMOCYBAHHS
3anponono8an02o Memoody onmumizayii cnognuka oae 3moezy na 1-3% noxpawumu epanuymy
epexmugnicms CMUCKAHHA, AKA 00CA2ACMbCA HAUKPAWUMU  apXigamopamu 6 peicumi
MAKCUMATTLHO20 CIMUCHEHHS.

© AHICIMOB A.B., 3ABAJICBKH 1.0., YV JAKOB T.C., 2020
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Bucnosku. Peeepcri mynbmupo30iibHUKO8I KOOU € eheKmUSHUM 3ac0O00M CMUCHEHHS
NPUPOOHOMOBHUX MEKCMIB, WO, Y PA3i OKPeMo20 3ACMOCY8AHHS, XAPAKMEPUZYEMbCA CIMIIKICIO
00 NOMULOK, OAE MOICTUBICINL BUKOHYBAMU NOWVK THGOPMAYIT Yy CIUCHEHOMY ailii, a MaKoic
HAOAE MONCIUBICMb U020 WBUOKO20 0eKOOVBAHHA. Y pasi 3acmocysanHs sIK 3aco6y nonepeoHb02o
00po6NeHHsT NPUPOOHOMOBHO20 MEKCMY OJisl NOOAILULO20 APXIBY8ANHS, PA30M 3i CHeyiaibHUMU
MEXaHizMamy Onmumizayii CIOBHUKA, PEBEPCHI MYIbMUPO30LIbHUKOBI KOOU Oarontb MONCIUBICIb
nIOBUUUMU eEeKMUBHICITb HAUKPAWUX 3 BIOOMUX HA CbO20OHI ApXi8AmMopis.

Kniwouosi  cnoea:  cmuckamms,  CMUCHEHHA, — apPXi@Y8AHHA,  CMUCKANbHI — KOOU,
MYIbMUPO30IbHUKOGUIL KOO,  PEGepCHUll  MYIbMUPO30LNbHUKOGUTI KOO,  Onmumizayis
CNIOGHUKA, NPUPOOHOMOGHULL MEKC.

BCTYR

MeToau CTHCKaHHS JAHUX MOXKHA TIOAUTATH Ha JBa BENHKI KIIACH: METOIU
CTUCKaHHS 3 BTparamu iHpopMmauii Ta 0e3 Takux BTpaT. OCHOBHOIO MEpEBaror0
CTHCKaHHS 3 BTpaTaMHu €, SK MNPaBWIO, 3HAYHO BWIIMH CTYIiHb CTUCHEHHS, a
HEJIOJIKOM — HEMOXKJIMBICTD BIJIHOBUTHU BXi/IHE MOBIIOMJICHHS 0€3 BUKPHUBIICHb.

i1 GaraTthOX THUIIB JaHWX, TAKHX SK BiZICO, 3BYK, 300paKE€HHS, HEBEITUKUI
piBeHb BHKPHBJICHbL MOXKE OYTH IUIKOM IOIYCTHMHM 1 HABITh HETIOMITHAM JUIS
kopuctyBadya. OfHAK 0 TAKMX JAHUX HE HAIEKATh TEKCTH, 3aMHCaHi MPUPOTHOKO
MOBOIO a00 MOBOIO MporpamyBaHHS. TOMy CTHUCKaHHS TEKCTiB — II¢ OJHA 3
HaWBaKITMBINIMX C(ep 3aCTOCYBaHHS METOJIB CTHCKaHHs 0e3 BTpaT JaHuX. [HIot,
HE MCHII BaXIMBOI, c(hepord € YHiBepcalbHI apXiBaToOpH, SKi ITOBHUHHI
BIJIHOBJIIOBATH 1H(OpMaLito Oe3 BHKpUBJICHb. lle MOCHIIKEHHS 3HAXOMUTHCS Ha
MIEpeTHHI IMX NBOX cdep, amKe HOro METOI0 € TIOMIYK CIOCOOIB TOKPAIHTH
e(eKTUBHICTh apxiBaTOpiB y pa3i IXHBOIO 3aCTOCYBaHHS IO CTHCKAHHS
MPUPOTHOMOBHHUX TEKCTIB.

MOCTAHOBKA NPOBNEMM

CruckanHs 0e3 BTpaT NaHUX € J00pe JOCITIHKEHOIO Talry33i0 KiOSpHETHKH.
3rigHo 3 kiacuikarlito, HaBeAeHOW B [1], mMaibke BCi BiOMiI METOIM y IIii
rajy3i MOKHa TOTUIMTH Ha 4 PI3HOBUAM 3aJIEKHO BiJl TOTO, (PIKCOBAaHOIO UM
3MIHHOIO € JJOBKWHA KOJIOBAHOT'O TIOBIJOMJICHHS T BIJIOBITHOT'O HOMY KOJTY.

1. Koqu Tumy «crajga-cTajga» IEpPEeTBOPIOIOTh  YaCTHHHM  BXIJHOIO
MOBiIOMJICHHS (DIKCOBAHOT JOBXHMHU Ha OJIOKU Koy (pikcoBaHOl (HaivacTiine —
Takoi came) JOBXWHHU. BracHe, HaeTscs He TpPO CTUCKAIBHI KOOW, a TIPO
JIOTIOMDKHI TIEPETBOPEHHSI, IO TEPECTABIITIOTE a00 MEPEHYMEPOBYIOTH CUMBOIIH
BX1JTHOT'O TIOBIZIOMJICHHSI TaK, III0 TOJANBIIE 3aCTOCYBaHHS METOJIIB CTHCKAIBHOTO
KOMyBaHHS cTae edekTuBHIMMM. OTHUM 3 HAMBIOMIMIMX TaKUX TEPETBOPEHbH €
neperBopeHHs: bappoy3a-Bimiepa [2], sike BKyIIi 3 IEPETBOPEHHSIM «IIEPEMICTUTH
Ha noyatok» (MTF, Move-To-Front) [3] BUKOPHCTOBYETHCS K TOYaTKOBUH €Tar
CTHCKaHHS B 0araTbox apxiBaropax Ta (hopMaTax JaHUX.

2. Komm Tumy «crama-3MiHHa» € HalmomupeHimmMu. SIK MpaBuio, Iie
METOJHM YaCTOTHOTO KOJyBaHHsA. BOHW KOXKHOMY CHMBOJIY BXiTHOTO andaBiTy
CTaBJIATH Yy BiJMOBIMHICTh TIOCHTIIOBHICTH CHMBOIIB KOAy (KOJOBE CJIOBO)
3MIHHOI JOBXHHH. SIK TIpaBUIIO, METOJ KOJYBaHHS MOOYJOBAHO TaKUM YHHOM,
0 CUMBOJIaM 3 BHII[OI0 YAaCTOTOK HAJIAIOTHCS KOPOTIIi KOAOBI cioBa. J[o 1soro
KJIacy KOJiB, 30KpeMa, Hanexath koau ['addmana [4], marepH-koau [S], cepen
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SKUX HauBigoMimumu € koau DibonHaydi [6], Ta HEUIOJABHO 3ampOIIOHOBAHI
MYJIBTHPO3IUTPHUKOBI Komu [7]. 3a3HauMMo, MO0 TEPMiH «CHMBOJ BXIiTHOTO
andasiTy» € MEBHOIO a0CTPAKITIEIO, MESKOI aTOMapHOI0 3 OTJISAY Ha METOX
KOAyBaHHSI OJWHUIIEIO, KA HACTIPABIi MOXK€ CKJIAaTHCS 31 3MIHHOI KiJIbKOCTI
JiTep, udp tomo. Hampukian, Kodu MU 3aCTOCOBYEMO MYJIBTUPO3IiIIBHHKOBI
KOJM 10 CTHCKAaHHS NPUPOJHOMOBHHX TEKCTIB, CHMBOJIOM BXIiJHOTO aji(aBiTy
BBa)KaEMO CJIOBO, TOOTO TOCHIZOBHICTh CHMBOJIIB MiXK JBOMa MpoOimamMu —
TaKU{ MiAXiJ € CYTTEBO e()EKTUBHIIIMM 33 KOAYBaHHS OKPEMUX JITEp.

3. Slkmo y MeToAi KOIYyBaHHS BpAaxOBYETHCS BHYTPIIIHSA CTPYKTypa
CHUMBOJIIB aaBiTy, OTPUMYEMO KON THITY «3MiHHA-3MIHHA», TOOTO KOIIH, Y STKUX
MOBIJOMJIEHHSM 3MIHHOI JOBXWHHA BIONOBIZAOTh KOIOBI CJOBa 3MIHHOI
JOBXXUHU, TakuMH € BCi KOJAHW, IO KOJYIOTh MOCIIOBHOCTI 4HceNl, 0a3yrunuch
JMIe Ha TXHIX 3HAYCHHsIX, 30KkpeMa koau Enaiteca [8] i ['omomba [9]. BogHouac
(aKkTHYHI YaCTOTH YHCENI Y TOBIJIOMJICHHI, 0 MEPEIAEThCS, HE BPaXOBYIOThCS,
OJTHAK POOUTHLCS TEBHE MPHITYIIECHHS MPO 3arajibHUM 3aKOH IXHHOTO PO3IOJILTY,
30KpeMa B YCiX BIIOMHX BHUTIAJKAX MPUITYCKAETHCS, 110 MEHIIT YHCIa MalOTh BHIIT
4acToTH. [HKOMM KOJl MOXHA BiTHECTH JI0 MHOTO ab0 MOMEepeIHBOTO KIIACY, JIHIIe
MPOAHANI3yBaBIId METOJ] KOJIyBaHHJ. 30Kpema, METOX KOJYyBaHHSA KOJIB
®ibonayui, BuknaaeHuid y [10], Ta MeToan KOAyBaHHS MYJIbTHPO3AIIBHUKOBUX
KOJIiB [7] cTaBiATh KOJOBI CJIOBa Y BiAIOBIAHICTh HATYPAILHUM YHCIIaM, a OTKE,
JTAIOTh 3MOTY PO3TJISIATH 1li KOJH, SIK KOJIU TUITY «3MiHHA-3MIHHAY.

4. Kogu Tumy «3MiHHa-cTana» IMEpEeTBOPIOIOTH MOCHIJOBHOCTI CHMBOIIIB
BXITHOTO TTOBIOMJICHHS 3MIiHHOI JIOBXKMHH Ha KOJOBI cjoBa (ikcoBaHOL
MOBXUHHU. HaiBigoMIiIIAM MPeICcTaBHUKOM KOJIB IBOTO THITY € KOIU POIUHHU
Jlemnens-3isa [11] ta ixni Baockonanenns [12]. Ixus edextusHicTs GasyeThes
Ha BHKOPUCTaHHI iH(opMalii He JuIIe Ipo YacTOTH OKPEeMUX CHMBOIIB, alle i
PO YaCTOTH MOCHTIIOBHOCTEH CUMBOJTIB.

OCHOBHHMM TIOKa3HHKOM SIKOCTI apXiBaropa € KOeQilieHT CTHCHEHHS, TOOTO
BiIHOIICHHS OOCSTIB MMOYAaTKOBHX (aiiliB 10 OOCATIB CTUCHYTHX Ha TOMY YH
iHIIoMy Habopi JaHuX. BHCOKMX Koe(illieHTiB CTHCHEHHS, XapaKTePHHUX LI
CY4YacHHX apXiBaTOPiB, SIK MPABHIIO, BIAETHCS JOCATTH JIMIIE 3aBASKU TTOETHAHHIO
MeroniB 1, 2 i 4 TumiB, a TaKOX 3aCTOCYBaHHIO MojaWQiKaiii apupMeTHIHOTO
KomyBaHHS [13], sike He MOXKHA BITHECTH JI0 YKOIHOTO 3 MEPeNliYeHUX KJIACiB KOJIIB,
ane sKe 3a0e3revye MaKCHMallbHO BHCOKHN Koe(illieHT cTHCHEHHs. BomHouac
apudMeTHIHE KOTyBaHHS Ma€ YHCIICHH] HEOJIKH:

® HECTIHKICTh 0 IOMUJIOK ¥ 3aKOJIOBAHOMY ITOBIOMIICHHI;

® HEMOXJIMBICTb MOIIYKY JTAHUX Y 3aKOJI0OBaHOMY (haiii;

® TIOBUIBHICTH ACKOMYBaHHA (y IECATKH pa3iB MOBUIBHIIIE IMOPIBHIHO 3
koxamu ['appmana);

® BIJIHOCHA CKJIAJIHICTh peai3ailii.

[oennary cTrcKaIbHy eEeKTHBHICTh apU(METUYHOTO KOIYBaHHS 31 IIBUIIKICTIO
JICKOJTyBaHHsI, TIOPIBHSHOIO 31 IIBHIKICTIO JiekomyBaHHsS koaiB ['apdmana, Baamocs
3aBISKH KOJYBAaHHIO, K€ 0a3yeThcsl HA TOHATTI aCHMETPUYHHUX CHCTEM UHCIICHHS
(ANS) [14], omHak yci iHII 3 TEpeNiYeHNX HEMTOMIKIB 3aUIIAIOTHCS BIACTUBUMH 1
JUTS ITHOTO METOITY, @ Takox 11 koaiB ["addmana i Jlemnens-3isa.

Komu tumy 3 («3MiHHa-3MiHHa») y CTHCKaHHI TNPUPOJAHOMOBHHX TEKCTiB
BHUKOPHCTOBYIOTBCSL Pifilile, OCKUIBKH 3a0€3MeuyIoTh KOe(iLlieHT CTUCHEHHS TipIIHid,
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HDK Koau Tumy 2 abo 4. OfHak came JI0 IbOTo KJIacy HaleXarh KoM, 10 HE MalOTh,
SK TIOKa3aHo B [7], JKOmDHOrO 3 TIEpENliYeHWX BHINE HEIONIKIB —
MYJIBTHPO3IUTFHAKOBI KOMW. 3HIDKEHHSI KOS(IIliEHTa CTHCHEHHS I X KOIIB Y
0araTboX BHMAZKaX MOXKE PO3TIBSIIATHCS SIK LIUTKOM MpUAHATHE — 2—4 % TTOPIiBHSIHO
3 apu(h)METHIHUM KOTyBaHHSIM.

[Ipore MynbTHPO3AITPHUKOBI KOMU MArOTh IHINHM ICTOTHUN HENOJIK —
HEMOHOTOHHICTh CJIOBHHKA. [[t0 mpoOieMy aeTanbHO JOCHIHKEHO aajii. Takox
3allPOMIOHOBAHO MOAWQIKAII0 MYJIbTUPO3IUTBHUKOBUX KOJIB — PEBEPCHI
MYJIBTHPO3IUTFHIKOBI KOIH, sIKI yCYBAIOTh 3raJaHy mpoOieMy, 30epirarodn Bci
MepeBarn  «IpsIMUX»  MYJbTHPO3AUIEHUKOBUX  KoxmiB. OmHak, wMaOyTh,
HaAUIIKaBIIMMHA pe3yJIbTaTaMH I[bOTO JOCIHIHKEHHS € eKCIepUMEHTaIbHI JaHi.
Bonu cBimyath mpo Te, IO SIKICTh CTUCKAaHHS TNPUPOJHOMOBHUX TEKCTIB
apxiBaTOpoM MOXKe€ OYTHM TOKpAIICHO, SKINO CIIOYaTKy 3aKOJyBaTH TEKCT
«HEJIOCTATHHO TOTYXHHUM» PEBEPCHUM MYJIBTPO3IIIbHUKOBUM KOJOM, a BXKE
MOTIM 3aapXiByBaTH OTpUMaHHUU (aiia. Ajie 1bOTO BIAETHCS JOCATTH, JIUIIE
SIKIIIO BUKOHATH TIEBHE TIEpe10OpoOICHHS CJIOBHUKA, IKE MOYKHA KIIacCH(iKyBaTH
SK METOJ TUMY |, «cTama-crana.

MYNbTHPOS[INbHAKOBI KOMIH | NPOBNEMA HEMOHOTOHHOCTI CNOBHMKA

[punyctumo, mo M={m, , ... , m;} — TOCTIIOBHICTb IINX 4YHCENI, SKa
3pocrae: 0 <m;<...<m, [laM0o 03HaueHHS MYJIBTUPO3IIIbHUKOBOI'O KOIY KOIY
Dy, no3Hayarouu yepe3 1" mOCIiIOBHICTD 3 X OJJMHUYHKX OiTiB.

O3znauenns 1. MylbTHPO3IITEHUKOBIM KOJIOM HA3UBAIOTh KOI D), IKHI MICTUTh
yci croBa Burysiny 1°0, o € M, 1 BCi CI0Ba, 110 33J0BOJIGHSIFOTH TAKUM YMOBAM:

e CIIOBO HE MOYMHAETLCA 3 IMocIinosHocTi 1°0, o € M,

e  CJIOBO 3aKiH4y€eThCs mociigoBHicTiO 1°0, a0 € M;

e CIOBO HE MiCTHTH MOCigoBHOCTI 1°0, o0 € M Hine, KpiM 3aKiHYEHHSL.

Pazom 3 matepH-KOmaMu [5], MyJIBTHPO3AUTLHUKOBI KO HAJIEXKATh 10 KIacy
KONIB 3 pO3IUIbBHUKAMH — CIICIaTbHAMA TIOCITIIOBHOCTSAMH OITiB, SKUMH
3aKIHUYIOTHCS BCi KOZIOBI CJIOBA, ajie sIKi HE MOXKYTh TPAITUTHUCS BCEPEIHHI KOIOBHUX
cimiB. KoxkeH marepH-KoJ Mae OOWH PO3IUTbHUK, a MYJBTHPO3ILILHUKOBI KOIHU
MOXKYTh MaTd X KiIbKa — L€ 1 € XapaKTEepHOI0 PUCOIO, 10 BUPI3HSE TaKi KOIH 3-
noMix ycix iHmmx. TouHile, po3aIbHUKaMK y KO Dy, € TOCIIIOBHOCTI BUTIISTY
01°0, o € M, omHAK KO/ MiCTHTh TaKOX clioBa BUrsiny 1°0, o € M, siki yTBOPIOIOTH
PO3NUILHUK pPa3oM 3 OCTaHHIM HYyJIEM TMONEPEIHBOr0 KOJOBOIO CIIOBA Y
3aKOZI0BaHOMY TEKCTi. Y [15] mosicHeHo, sIKi TiepeBaru Mae Taka CTPYKTypa KOJOBHX
CJIIB TOPIBHSHO 3 1HIIMMH BIJIOMHUMH TIaTePH-KOJIAMH, TAKAUMH sIK Koau DiboHauyi, a
y [7] noBeneHO Taki TEOPETUYHI BIACTHBOCTI MYJIBTHPO3IUIBHUKOBHX KOJIB, SIK
VHIBEPCATBHICTh Ta TIOBHOTA, OOYMCIICHO iXHIO aCHMITTOTUYHY IMUTGHICTH, OITUCAHO
METOM KOJIYBaHHS Ta JCKOJYyBaHHS, & TAKOXK EKCIEPUMEHTATIBHO JOCHIIHKEHO
e(pEeKTHBHICTb IUX KOJIIB y CTUCKAHHI MPHUPOTHOMOBHHUX TEKCTIB.

Ilo cTocyeThCst KOYBaHHS/IEKOIyBaHHS MYJIbTUPO3ALTLHIUKOBHX KOJIB, TO
i TpOIEeTypyu MOXe OyTH OMHCAHO CXEMOIO, XapaKTEPHOK JUIS BCIX METOJIB
Tany 2 1 3, 3rifHO 3 HaBeJEHOK BHIIEC Kiacudikamiero. A came, Mg yac
KOJyBaHHSI BHKOPHUCTOBYETHCS CAOGHUK (CN0B0 meKCcmy, K0008e Cl080), Y
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SKOMY CJIOBa TEKCTy BIiJICOPTOBAaHO 3a CIaJlaHHSIM 4YacTOT, a KOJOBI CIIOBa
BIJICOPTOBAHO 3a 3POCTAaHHAM AOBXKHH. Ilif yac IeKOMyBaHHS 3aCTOCOBYETHCS
3BOPOTHA TIPOIEAypa: TOTPIOHO TMMOOYIyBaTH BiMOOpaXKEHHS 3 MHOXHHHU
KOZOBUX CIIB Ha MHOXHHY CIIiB TEKCTy. 3 METOK YacoBOi ONTUMIi3allii
JICKOIyBaHHsS CIIOBAa BHUXIJHOTO TEKCTy BapTo 30epiraTd 3a JOMOMOIO0
CTPYKTYpU JaHUX, 10 3a0e3ledye IBUIKUN OCTYH O CBOIX CIIEMEHTIB, a
Haiie(DeKTUBHILIO 3 TaKUX CTPYKTYp € MAacHB i3 YHCIOBUMH iHAekcamu. Tomi
JICKOTyBAJIbHE BiJOOpa)KeHHS (PaKTUUHO MIITUME 3 MHOKHHH KOJIOBHX CIIB Ha
MHOKHHY HATypajdbHHUX YHCEII. HMoro BBakaTHMEMO 3BOPOTHUM 1 [TO3HAYHUMO SIK
', a mpsiMe BimOOpaskeHHS, SIKE MO3HAYMMO Hepe3 \, MIATHME 3 MHOXKHHH
HATypaNbHUX YHCEN HA MHOKUHY KOJOBHX CJIiB.

YV [7] ommcao mpsMe  Ta 3BOPOTHE BiIOOpakeHHs = I
MYJBTUPO3IUTBHUKOBUX KOAIB. OIHAaK BiJOOpPaXKCHHS Y Mae€ TOW HEJONIK, IO
JOBXMHM KojoBuX cmiB (1), y(2), ... , sKi BiJNOBIAIOTH MOCIIIOBHUM
HaTypaJIbHAM YHCJIaM, HE BIIOPSAAKOBAHO 3a 3pOCTaHHSM. TOMy CJIOBa TEKCTY W; y
3raJaHOMy BHIIIE CJOBHHMKY MalOTh OyTH PO3TAIIOBAaHI HE B MOPAAKY 3HMKCHHS
ixHiX "9acToT p(w;). Lle He € mpobireMoro, OCKIITBKH MOXKHA C(hOpMYITIOBATH ITPOCTHIA
TPUHIMIT PO3TAIYBAHHS CNIB TEKCTYy B CIOBHHUKY: SIKIIO TIEPIIAM i €JIeMEHTaM
BIIOPSITKOBAHOI 32 CMaJIaHHsAM YacTOT MOCTIZOBHOCTI CIIIB {W;} BXXE IOCTABJICHO Y
BIZIMOBITHICTh TICBHY MHOXXHHY KOJIOBUX CIIB, TO CJOBY BXIJHOTO TEKCTY Wi+
CTaBUMO Y BIIIOBIIHICT OYy/b-sIKE 3 HAMKOPOTIINX KOJOBUX CIIB, III0 HE HAJIC)KATh
it MHoxkuHi. [IpoTe mpobiema nonsrae B ToMy, 1o kozoBi ciosa y(1), ... , y(n)
HE YTBOPIOIOTH MHOKMHH 7 HAMKOPOTIIMX KOAOBHX CIIiB, @ 3HAYWTh, MACHB CJIiB
TEKCTy 3 iHEeKcaMu ' (cy), ..., ¥ (¢y), I€ C1, ..., Cy — N HAHKOPOTIIMX KOZOBHX
ciiB, Oyze po3pimkeHnM. HapiTh Oinbine, sk mokazaHo y [16], po3mip 1IbOro MacuBy
3pOCTaTMME EKCIOHCHIIHO 3aleKHO BiJl 7, & CcaMe HE MEHII HibK Y

O((1+5)(”_2)/(m1+1)) paziB, Ji¢ BeIMYMHA € 3AJICKUTh Bl ACUMIITOTHYHOL

IITEHOCTI Koy 1 epeOyBae B miamaszoHi Big 0,65 mo 0,85.

3BHUaliHO, TaKe CYTTEBE 3pPOCTaHHS OOCATY CIIOBHHKa OOMeXye 00nacTh
3aCTOCYBaHHS KOJIB JIAIIE TIOPIBHAHO HEBEIMKUMH Tekctamu. Y [17]
PO3TISHYTO KijdbKa OOXIAHMX NUISAXiB BHPINICHHS IIi€i MpoOieMu, OJHaK
HalKpaliuM BapiaHTOM Oys0 O KOHCTPYIOBaHHS 1HIIMX JITOPUTMIB KOJTYBaHHS
Ta JCKOIYBaHHS MYJBTUPO3IIJIbHUKOBUX KOJIB, 3TiTHO 3 SIKUMH 3pocTarda
MOCJII0OBHICTh HATYypaJIbHUX YKCEN BimoOpaXkanacs O y MOCTIIOBHICTh KOJOBUX
CIIIB HECMagHOI JOBXWHH. Ll{0 MOXJIWBICTP MH 1 JOCIIIAMO Jajli, HaBIBIIH
CIOYaTKy O3HAYEHHS MOHOTOHHOTO BiOOpaXEHHS MHOXHHH HATYpallbHUX
Yrces Ha MHOKUHY KOJOBUX CIiB.

O3HaueHHs 2. BinoOpaxeHHs \y MHO)KWHH HATYPaJIbHUX YUCET HA MHOXKUHY
ciniB kony C Ha3UBAaTUMEMO MOHOMOHHUM, SIKIIO Ui OyIb-SKUX HATypallbHUX
qucen a 1 b, Takux, mo a < b, BAKOHY€EThCs HepiBHICTH [y(a)| < [w(D)| .

(Tyt i mami yepe3 |x| mo3HaYaTHMEMO OITOBY TOBXKHHY CJIOBA X).

3ayBaxuMoO, IO IS TOOYA0BH MOHOTOHHOTO BiIOOpa)XEHHS Y CJIOBA KOAY
MOJKHA BiJICOPTYBATH 32 3pOCTAaHHSM iXHIX JIOBXKHH, a BCEPEINHI KOXKHOI TPyIH
CTiB  OJHAKOBOi  JOBXHHH — B  JIEKCUKOTpapidyHOMY  TOPSIKY.
[IponymepyBaBImId OTpUMaHy TIOCHTIIOBHICTh KOJOBUX CIIiB TIOCIIIOBHUMH
HATypaJIbLHUMH YWCJIaMH, OTPUMAEMO IIyKaHe BimoOpaxkeHHs. KomyBaHHS
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3TiIHO 3 ONMCAHMUM BiJJOOpaKEHHSIM BHKOHYETHCS TPUBIAJIBHO 1 MOJISTAE TPOCTO
y BUAOOYBaHHI KOJOBOTO CIIOBAa 3 MacuBY 3a ¥oro iHmekcoM. OmHaK HaiBHHH
CII0Ci6 IeKOMyBaHHS, TOOTO OGUUCICHHS (i), IIO MOIArae B IOCIIZOBHOMY
MOIIYKY KOJOBOTO CJIOBA ¥ B MAaCHBI, € HEPUIYCTHUMO JIOBIHM. 3aCTOCOBYBATH
HanpsiMy MPHUCKOPEHI METOAHN MOIIYKY, TaKi K IBIHKOBHI MOIIYK, HEMOXJIUBO,
OCKUIBKH B I[JIOMY MacuB KOJOBUX CIIB JIGKCHKOTpaiyHO HE BiJCOPTOBAHO.
OTxe, HAWIPOCTIMHHA CIOCIO NeKOAyBaHHS MOTOKY KOHKATEHOBAHUX KOJOBUX
CIiB TOJSIraB OW B TOMY, LI00 CIOYATKy BHSBHUTH MEXi YEPrOBOTO KOJOBOTO
cjoBa ¥ OOYMCIMTH HOTO MOBXKHHY, a IOTIM BHKOHATH JBIMKOBUH ITOMIYK Yy
JIEKCUKOTpa(igHO BiICOPTOBAaHOMY HaOOpi KOMOBUX CIB 3aJaHOi JOBKHHH.
[IpoTe wacoBa CKJIamHICTh Takoi Hpolexypu Oyma 6 cyTTeBO (B pa3u) OUIBIIO0
32 4aCOBY CKJIAIHICTh MPUCKOPEHOTO JEKOAYyBaHHS, OMUCAHOr0 B [7].

HaiikpamuM BapiantoM 6ysn0 6 BigHaiiTh anroput™ oGumcieHHS (i),
TOOTO JIEKOJyBaHHS clloBa u, SKWM OWM OOYHCIIOBaB IMO3UILIO U Yy
BIIOPSIKOBAHOMY 32 3POCTAHHSM JIOBXKHMH HAOOpI KOJOBHX CJiB 0e3 00UMCIICHHS
JIOBKHHH 1, HA OCHOBI OMpAIIOBAaHHS YacTHH CJIOBa u 37iBa HampaBo. OmHak 11e
BUJIAETHCS TIPOOJIEMATHYHNM, OCKLTEKH, HE 3HAIOUH JIOBXKUHHU U, MH HE 3HAEMO, 5K
BIUTMBAE HA TO3UINIO # B HAOOpi KOJOBUX CIB OMpAIfOBAaHHA TOTO YH IHIIOTO
npedikcy abo miapsiaka u. Lliei mpoOnemu, MOXIMBO, BIAOCS O YHUKHYTH, SKOH
MYJIBTHPO3IUTBHAKOBI KOO He Oymu O mpedikcHHMH, TOOTO Heski mpedikcu
JIOBIINX KOJOBHX CNiB OynH O KOPOTIIMMH KOJOBUMH CJIOBaMH (3ayBaKUMO, IO
npediKCHICTh KOAY € JOCTaTHbOW, aje He HeoOXiHOK YMOBOIO HOro
OJTHO3HAYHOI JEKOMOBHOCTI). Tomi MeKomyBaHHS CiIOBa uv, M€ # — KOPOTKE
KOZIOBE CIIOBO, a v — CydiKC IOBIIOTO KOIOBOTO CJOBa, MOXKHa Oyio 0
BUKOHYBATH IOCTAIMHO: CIOYATKy OOYMCIUTH TMO3MINI0 # Y BIOPAAKOBAHOMY
Ha0Opi KOAOBHX CIIiB JOBXWHH HE Oible HiX |u| (415 IbOTrO HE MOTPiIOHO 3HATH
HIYOTO PO V), a MOTIM JI0 IIi€i MO3uIIii JOAATH 3MIIIEHHS ¥V BIJHOCHO U y Ha0bOpi
KOJIOBHX CJIIB IOBKUHH HE O1IIbIIIE HIXK |uv].

3ayBa)XUMO, IO SKIIO CJIOBA MYJIBTHPO3UILHUKOBOTO KOy 3aITiCYBaTH CIIpaBa
HAJTIBO, TO OTPUMAEMO SIKpa3 Henpe]iKCHIH, aje OHO3HAYHO JEKOIOBHUM KO, SIKUI
Ha3BeMO peeepcnum. Voro oHO3HAYHA NEKOJOBHICTH BHIUIABAE 3 OIHO3HAYHOL
JICKOZIOBHOCTI MPSMOTO MYJIBTHPO3/IIJIEHUKOBOTO KOy, aKe Oyb-SIKUM aIrOpUT™M
JEKOAYBAaHHS MPSMOrO KOLY € MIIKOM 3aCTOCOBHHM 1 JI0 PEBEPCHOrO, SKIIO
OIpaLbOBYBATH 3aKOJ0BaHUH (haiil cripaBa HaJiBO.

OpHak HalUiKaBiMM € TOHM (akT, MO y pa3i ONpalOBaHHS PEBEPCHHUX
MYJBTUPO3IIIFHUKOBUX KOJMIB 3JliBa HAampaBO MOXKHa MOOyIyBaTH IPOCTE
MOHOTOHHE KOIYBaJbHE BiTOOPa)KEHHS \ 1 3BOPOTHE 0 HHOTO IEKOTyBaIbHE
BiZOOpaskeHHs ', AKe 3aJOBONBHSATHME BCIM PO3IIAHYTHM BHIE BHMOTAM.
Taxi xonu ¥ BimoOpakeHHs OyJie NeTabHO JOCTIKEHO B HACTYITHOMY PO3JIiIi.

PEBEPCHI MYNbTUPOSAINbHUKOBI KOAM

Hexaii, six 1 panimme, M={m, , ... , m;} — 3pocTaro4a TOCIIIOBHICTh IIINX
guced, 0 <m <...<m,.

O3nauennsi 2. PeBepcHUM — MyJNBTUPO3IIIBHUKOBHM — KOJAOM Ry,
HA3MBAETLCS KOJ, 110 MICTUTH yci ciaosa Burisaay 01% o € M, i Bci cnosa, ski
3aJI0BOJILHIIOTH TAKHM yMOBaM:
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e CIIOBO MOYMHAETHCS 3 nocaigoBHocTi 01%0, o € M,

e CIIOBO He 3aKiHuy€eThCs mocifgosHicTio 01%, o € M,

e CIIOBO He MicTHTh mociigoBHocTi 01%0, o € M, Hinme, KpiM Moyartky.

Po3ninbHMKaMKu y TakoMy Kol € mociimoBHocTi Burasmy 01%0, o € M,
OJIHAK KOJ MICTHTh Takok cioBa Bursimy 019 o € M, ski yTBOPIOIOTH
PO3OUIBHUK pa3oM 3 TMEpHIMM HyJeM HACTYIHOTO KOJOBOTO CIIOBa B
3aK0JI0BAHOMY TEKCTi.

Crmparounch Ha JOoBeleHI B [7] BIAaCTHBOCTI OJHO3HAYHOI IEKOOBHOCTI,
MOBHOTH Ta  YHiBepcalibHOCTI y  po3ymiHHi Emiaca [8] mpsamux
MYJIbTUPO3IUIEHUKOBUX KOJIB, JIETKO JOBECTH BiJIMOBiJHI BIACTUBOCTI 1 I
PEBEPCHUX KOJIB.

Teopema 1. Bynp-ikuii peBepcHUIl MyJIBTHPO3IITBHUKOBHN KOI Ry €
OJIHO3HAYHO JICKOJIOBHUM, ITOBHHUM 1 YHIBEpCAIbHUM.

llosedennsn. 3ayBakuMoO, IO OyIb-sSKa IOCTIIOBHICTE CIIIB PEBEPCHOTO
KoIxy Ry y pasi YMTaHHS CIpaBa HAJIIBO 30iraeThCs 3 MEAKOIO ITOCIIIOBHICTIO
ciiB koxy Dy, a oTke, Kox Ry, € OTHO3HAYHO JIEKOJOBHUM. TakoK OJHO3HAYHE
JIEKOTyBaHHS MO>Ke OyTH BHKOHAaHO y pa3i 0OpoOJIeHHS 3aKO0JIOBAaHOTO (ailry
3J1iBa HAMPaBO 32 TAKUM MPUHIIUTIOM:

e 3unTyeMO (haiin it 3a GiToM, TOKH He 3urTacMo nocizosrocti 010, o € M,

® T[IOTOYHE KOJOBE CJIIOBO 3aKiHUYETHCS MEPEe]] IOYATKOM ITi€l
MOCITiTIOBHOCTI, a HACTYITHE KOJOBE CJIOBO IMOYHHAETHCS 3 I[i€1 OCiJOBHOCTI.

[Io6 moBecTH TOBHOTY KOMYy Rj;, 3ayBaXKMMO, IO KUIBKICTh CIIIB OYIb-SIKOT
3a7aHoi TIOBXHWHHU L y IhOMY KOJIi JOPIBHIOE KUTHKOCTI CIIiB JOBKUHH L Y KOfi D).
A OCKITbKW, sIK TOKa3aHO B [7], HepiBHicTh Kpadra-Makminmana mit komy Dy,
BUKOHYETHCS SIK PIBHICTb:

> 2=,

ceC

ne C — MHOKHHA KOJIOBUX CITiB, TO BOHa BUKOHYBAaTHMETHCS SIK PIBHICTP 1 TS KOJTY
Ry, a oTKe, IeH KOJT € TIOBHHM.

IIIo6 moBecTn yHiBepcalmbHICTH KOIy Ry, PO3IISIHEMO IOBUTBHHN TEKCT 1
3aKOyEMO MO0 CIIOYaTKy KOJIOM D)y, a IOTIM 3aMIIeMO 3aKOJIOBaHui (haiii cripaBa
HAaJIiBO, OTPUMABIIH KOJ[ Ry,

3acTocyBaHHS OO METOAY KOIYBaHHS JlaBaTME 3MOTY OTPHMYBATH IS
JIOBUTHHOTO BXIJTHOTO TEKCTY KOJHU Ry, JOBKHMHU SKUX JOPIBHIOBATHMYTh TOBKUHAM
KomiB Dy, WIS IBOTO X TEKCTy. A OCKUTbKH, sSK NoBeneHo B [7], kom Dy €
YHIBEpCAIIBHUM, TO 1 Ko7 Ry, Oyzie yHiBepcaabHIM. B

Tenep omuireMo MOHOTOHHE BiIOOpaKEHHST MHOXXHHH HATYPaJIbHUX YHCEN
Ha MHOXHHY CJIB PEBEPCHOTO MYJILTHPO3IUILHUKOBOTO KONy Ry, SKE TaKOX
MO’KHA Ha3BaTH MPUHIUIIOM (POPMYBaHHS JTOBIIKUX KOJIIB 3 KOPOTIIHUX.

Hexail Ry, — peBepcHUIl MyIbTUPO3AIUIBHUKOBUI KO, a K={ki, ..., k;} —
BIIOPSIKOBaHA 33 3POCTAHHSIM IOCIIIOBHICTh YCiX HEBIJI’€MHUX LIIAX YHCENT B
nmiamasoni Bix 0 mo m, +1 BKITtOYHO, sAKi He Hanmexarh M. Hampukian, mist Komy
Ryss K={0, 1, 4, 6}. Hacamnepen 3ayBakumo, 10 OyAb-siKe CIOBO KOOy Ry
NOYMHAETLCA 3 mocmigoBHocTi 019 o € M. Ilogo wacTuHM ClIOBa, sKa
poO3TaIIoBaHa Mpasilie, MOXJIHBI 2 BapiaHTH:
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1) 1151 yacTHHA IOPOXKHS, TOOTO BCE KOAOBE ClIoBO Mae Buryusia 01...1;

2) 151 9acTUHA € KOHKaTeHamiero rpyn Burisany 01...1, KiTbKOCTI OMMHHAID Y
SIKMX € YHCJaMHM 3 MHOKHMHHM K a00 IIJIMMU YKCJIaMU, 110 OLIbII 38 HaWHOUIBIINH
eneMeHT K.

OTrxe, Oyab-sKe CIOBO KOy R) OBXUHOK L OITIB YTBOPIOETHCS OJHHUM 3
TaKUX CIOCOOIB:

1) e cnoso Burisaay 01%, o € M,

2) 1e CI0BO YTBOPIOETHCS 31 CIIOBa TOBXKHUHU L — k — 1 OiTiB JONMCYyBaHHIM
cITpaBa TOCIIiJOBHOCTI 01%, ne ne k € K;

3) 11e CIIOBO YTBOPIOETHCS 31 CJIOBA MOBXUHU L — 1 OITIB, IO 3aKiHIY€ETHCS
nocuigoBHicTio Buriasay O01...1 3 He MeHme HiXK m, + | oxuHUIAMH,
JIOTICYBaHHSIM CITpaBa OJMHUYHOTO OiTa.

JlocTaTHRO OYEBUIHO TAKOK, IO OYIb-sIKE KOJIOBE CIIOBO MOXKE OYTH YTBOPEHO
JIMIIE OJTHUM i3 IIUX TPBOX Croco0iB. [liticHo, AKIIO 1e cioBo Burisay 01% o € M,
TO BOHO YTBOPEHO CHOCOOOM 1, SIKIIIO CIIOBO 3aKiHUYETHCS TPYIIOK OITiB BUIIISTY
01...1 3 me Oimpm HiK m, + | OAMHMIAMH, TO HOTO MOXKHA YTBOPHTH JIHILE
Croco0oM 2, a SIKIIO BOHO 3aKiHYyeThesl rpynoro 0itiB Burysigy 01...1 3 He MeHIn
HIXK 7,4+ 2 OMHULIAMH, TO HOrO MOXKHA YTBOPHTH JIMIIIE CIIOCOOOM 3.

Bpaxopyroun  1mi  daktH, chOpPMYIIOEMO  NPHHOUN  10OYIOBH
BIIOPSIKOBAHOTO HA0OPY KOJOBHUX CIIB JTOBXKHUHH L, SKIO HAOOPH CIIIB MEHIIIOL
JIOBKIHH BXK€ IMTO0YTOBAHO:

1) couaTKy 3amuIiemMo BCi KOIOBI CIOBa JOBXKUHH L—1 y TOMY TOPAIKY, K
ix Oyno 3a3HavyeHo y HaOoOpi ciiB OBXUHH L—1, 3 ZOAaHHSIM CIpaBa CHMBOIY
«0», TobTO mocmigoBHocTI Burisiny 01...1 3 k=0 oguHUIAMY;

2) mOTIM 3alHIIeMO BCi KOJIOBI CJIOBA TOBKUHU L—ky—1 y TOMY MOpSAKY, SIK
ix Oynmo 3a3HaueHO y HaOopi ciiB JOBXHHU L—k,—1, 3 HOomaHHAM crpaBa
mocmioBHOCTI BUTISMY O1...1 3 ky OMWHUIIAMHA TOIIIO;

3) xonm 3HadYeHHS 3 Habopy K 3aKiHYaThCs, 3aIUIIEMO BCi KOJOBI CIIOBa
JOBXXKWUHU L—1, 1m0 3aKiHYyIOThCS MOCIiAoBHICTIO BUrisiay O1...1 3 He MeHIe
HDK m, + 1 OOMHUISIMH, Y TOMY HOPSIIKY, K iX OyJ0 3a3HaueHoO B HaOOpi CIiB
JIOBXKUHU L—1, 13 TOIaBaHHAM CIIpaBa CUMBOIY «1»;

4) HapemiTi, SIKIIO 3HAYCHHA L Ha OJWHHUINIO OUTbIIE 3a m; — 3HAYCHHS
OJIHOTO 3 MapameTpiB KOy mj , ... , M, , TO JOAaMO 10 HA0OPY CIIOBO BUTIISAIY
01...1 3 m; omuauIsIMA. Tenep onumIeMo anropuT™M (HOPMYBaHHS MOCITITIOBHOCTI
KOJIOBHUX CJIB JIOBXHHU L (hOpMaIbHO.

Aaroputm 1. ®opMyBaHHS TOCTITOBHOCTI KOJOBUX CITIB TIOBXHUHU L
PEBEPCHOTO MYJIBTUPO3IITBHUKOBOTO KONy Ry;.

Bxio: noexxuHa KOJOBOTO CIIOBa L, mapaMeTpu KOAY My,. .., M.

Peszynomam: TocninoBHICTE CIiB KOAY Ry, JOBXKUHU L.

1. i=1.

2. loxku L —k;> m;+11i<|K]|, BuKOHyeMO Kpoku 2a—2b.

2a. Jlomaemo mo Habopy yci Koy AOBXHMHU L — k; — 1, MONHCYIOYM IO HUX
crpaBa nocigoBHicTh 01...1, mo mictuth k; omuHue. Koy momatotsest came y Tiid
TIOCITITOBHOCTI, Y sIKiii BOHM OyJIM BKa3aHi y HaOOpi KoIiB NOBKHHU L — k; — 1.

2b. i=i+1.

3.  JSKmo IiCHYIOTh KOIOBI ClIOBa JOBXMHU [—1, IO 3aKiHYYHOThCS
nociigoBHicTO Bursaay 01...1 3 He MeHIe HiX m; + 1 OAMHUIAMY, TOAAEMO 1X
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0 HaOOopy, MOMHUCYIOUYM cIpaBa oAuHU4YHMEA OiT. Koau gonaroThest came y Tii
MTOCITITOBHOCTI, V SIKiif BOHM OYyJTM BKa3aHi y Ha0opi KOiB JoBXuHH L — 1.

4. Sxmo L =m;+ 1 ana nesxoro j, To fogaeMo 10 Habopy cioso 01...1,
110 MICTUTb 1; OJUHULIb.

Kineywv ancopummy.

VYBech HaOip ciiB koay Ry GpopMyeThcs MOCTIIOBHO: CIOYATKY 3alHCy€EMO
Haifikopormie cinoBo O1...1 moxuHu m;+1, MOTIM 3a ONHWCAHUM BHUIIEC
npuHImIoM (GopmyemMo Habip ciiB IOBXUHH m;+2 1 gommcyeMo iX y KiHelb
MOCHIAOBHOCTI  CHiB  TOmO.  HaiBaKiIMBIMIOIO  BIACTUBICTIO  I[HOTO
BIIOPSIKOBAHOTO HA0Opy KOIOBHUX CJiB € Te, IO IXHI OITOBI TOBXKHHH
YTBOPIOIOTH HECTIaHY MOCTiIOBHICTb.

Jns npuknamy, Ha Puc. 1 HaBemeHO CHHCOK CIIIB  PEBEPCHOrO
MYJIbTHPO3IITEHUKOBOTO KOy R, 35 JOBXHHU He OUbIle HIX § 1 MOKa3aHo, 5K
CJIOBa JIOBXXMHH 8 YTBOPIOIOTHCS 31 CJIB JOBXKHH 7, 6 Ta 3 IONUCYBaHHIM
cipaBa 6iToBux nociigoBHoctei 0, 01 Ta 01111 BiamosigHO.

Bynn-sxuii peBepcHU MyJIBTHPO3AUTPHIKOBUH KO € PETYJISIPHOIO MOBOIO i
TOMY pO3IMI3HAETECA CKIHUYEHHHM aBTOMAaTOM, Ha OCHOBI SIKOTO MOXKHa
nmoOymyBaTH JIeKOIyBalbHE BimoOpaxeHHs. CTpPyKTypa Takoro aBTOMAaTy
3aJICKUTh BiJl mapamerpiB koay. Jus mpukinany, Ha Puc. 2 300paxkeHO
JEKOIAyBalbHUIM aBTOMAT Iuyid Koxy R,3;s. Ham KoxHOI0O cTpiikoro, 1o
CHUMBOJII3Y€E TMEPEXiJl 3 OJJHOTO CTaHy aBTOMATY B iHIIUWH, Mepe/i BEPTUKAILHOIO
puckoro 3anucano cuMBoi (0 ado 1), y pa3i 3UUTYBaHHS SIKOTO BiI0OyBa€eThCs 1

Mepexil, a MICIAI PUCKH — ormeparlii, SKi BHKOHYIOTHCS IIiJ] 9ac TEePexoIy.
L=3 1=4 1L=5 L=6 L=7 1=8
Eﬁ}] 0110 01100 011000 0110000 01100000

0111 01110 011100 0111000 01110000
01101 011010 0110100 01101000
011001 0110010 01100100

011101 0111010 01110100

011111 0111110 01111100

0110001 01100010

0111001 01110010

0110101 01101010

01100001

01110001

01101001

01100101

01110101

01111101

01101111

Puc. 1. CnoBa peBepCHOTO MyJBTHPO3NINEHUKOBOTO KOAY R,3s HOBXHHH He Oimblre

3a 8 CHMBOIIIB.
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0| L1, 0| peptnn, L++
pee

1| L++

L++

0 | output(p), L4, p<0

0 | output(p), L«-35, p<-2

0]
output(p),
L7, p11

0| pe—ptnzs, L++

L | L++, p¢—ptiiza

1| L++, pe—ptnzs

Puc. 2. JlexonyBanbHuii aBTOMAT A7 KOLY Ry 5 s.

JloBxHHY 3reHepoBaHOi YaCTHHHU KOJOBOTO ClIoBa Mo3HavdeHo sk L. Ilix gac
OTpalioBaHHS KOKHOro 0iTa Komy BoHa 30inblIyeThcs Ha 1 (uel iHKpeMeHT
Mo3Ha4eHo 5K L++). A SK p TO3HAUEHO BEIMYMHY, 10 HANPHUKIHII
OTIPAIIFOBAHHS aBTOMATOM KOZOBOTO CJIOBA ¢ JOPIBHIOE ITyKAHOMY YHCIy ' (C).
[Topsnox BUKOHAHHS Ollepamiii € BaXJIMBHM, BiH € caMe TakKHM, SIK 3a3HaUCHO
OLIIs CTPIJIOK MEepPEexo/IiB.

1106 moscHUTH TpHHIMI POOOTH aBTOMATy, 3ayBaXHMO, IO Oyab-sKe
CIOBO KOOy Ry € KoHkaTeHamiero rpyn Burmsigy 01°, me x > 0. Ilicas
00poOJIeHHS KOKHOI Takoi Tpynd Ta HACTYIMHOTO 3a HEW HyJIs aBTOMar
ommHsieThes y ctani 0. [pymm 011, 0111 Ta 011111 mMoxyTs OyTH po3TanoBaHi
JUIIe Ha TIO0YaTKy KOJOBOTO ciioBa. llicis iXHROTO OOpOOJIGHHS aBTOMAT
nepexoauTh a0 ctany O 3i ctaHiB 2, 3 abo 5 i BenWuWHA p IHIIATI3YETHCS
sHaueHHamu 0, 2 Ta 11, gxi BignoBimaroTh mojoxkeHHro ciiB 011, 0111 Tta
011111 y mnocmigoBHOCTI Bcix cniB koxy Rp3s (Puc. 1), a Benmumna L
iHiIiami3yeThcsl 3HaueHHAMH 4, 5 abo 7 BiAMOBIAHO. ABTOMAT 3aBEpINyE
00poOIEHHS KOIOBOT'O CIIOBA, KOJU 3YUTY€ PO3IUIBHUK Ha MOYATKY HACTYITHOTO
KOJIOBOTO CJIOBA, 1 IPU IIbOMY BiH TaKOX MEPEX0auTh 10 crany 0 31 cTaHiB 2, 3
a60 5. Toxi y 3MiHHIif p MICTHTBCSI OTPUMAHE B Pe3y/IbTATi 3HAYCHHS ¥ ' (C), IKE
BHBOJUTHCS KOMaHmoI0 output(p). Omxe, 300paxenuii Ha Puc. 2 aBTromar
OIIPaIbOBY€E MOTOKOBHHU KOJ R, 3 5, IO € KOHKATEHAI[IE€I0 KOJJOBUX CIIiB. ABTOMAaT
po3novnHae poOOTy B CTaHi, IMO3HAYEHOMY YOPHUM KpYXKKOM, 1 3aBepIlye
poboty B crani O micis 34MTyBaHHS OCTaHHBOTO CHMBOJIY (ailly 3 KOAOM
(3ayBakuMo, L0 HANpPUKIiHLI (aiiny Mae OyTH AONHMCAHO SIKUICH PO3AITIBHUK,
Hanpukinan 0110). Ilix yac mepexomy 3 MOYATKOBOTO cTaHy 1o crany 0
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BEIMYMHA p IHILMIANI3YETHCS MOPOXKHIM PSIAKOM 1, OCKUIBKH (ailn 3 KOIOM
mounHaeThes 3 psaaka 0110, 01110 a6o 0111110, To apyrwmii nepexin a0 crany 0
Oyme BUKOHAHO 31 cTaHiB 2, 3 abo 5, a oTxe, OIHA KOMaHAa JOJAHHS IO
p 3Hau€HHs n;; A0 iHiliani3alii 3MiHHOT p HE BUKOHAETHCH.

[lin wac poOOTH aBTOMarTy BHKOPUCTOBYIOTHCS JOMOMDKHHI JBOBHMIPHHUI
MacHB, €JIEMEHTH SKOro Io3Ha4yeHo sK ny. SAxkmo j < |K| (mma xomy Rpzs
|K] = 4), To 3HauYeHHs 7;; JOPIBHIOE BEJIMYMHI, Ha SIKy 30UIBLIYEThCS IO3HIIiSA
KOJIOBOT'O CJIOBA y TIOOY/I0BaHi 32 ajIrOpUTMOM 1 TIOCIIIIOBHOCTI KOJIOBHX CJIiB Y pasi
JIOIMCYBaHHsA JI0 1IbOTO CJI0Ba crpapa Takoi rpymu sursiny O1...1 3 k& omuHuIsaMy,
mo OiToBa MOBXHWHA OTPHMMAHOTO B PE3YNILTATI CJIOBa JOpiBHIOBaTuMe L. 3micT
BEJIMYMHU 717, k+1 TOM CaMUii, TUIBKK O KOJOBOI'O CIIOBA JOMUCYEThCS CIpPaBa OIHH
cumBon «1». Tak, y pasi mepexomy 3i crany 0 mo crany 0 Jo KOmoBOro cioBa
JIOBKHMHM L—1 cnpaBa JOMUCYEThCS HYNBOBHH OiT, IO 3Milllye€ OTpHMMaHE KOZOBE
CIOBO Ha ny; mo3utiii ynepen (ockinbku ky = 0). Ilepexin 3i crany 1 mo crany 0
03Hayvae JOMICYBaHHS 10 KOJIOBOTO ciioBa cripaBa rpymu 01 (micis Kol e cuMBO
«0») 1, OCKUTBKH k= 1, TO 710 BEIMYMHHE p TOJAETHCS 3HAYCHHS 7).

Amnariorigao, y pasi mepexomy 3i crany 4 mo crany 0 10 KOIOBOTO CJiOBa
nonaerbest psmok 01111 (micnmst sikoro ¥ime cumBon «0»), a 10 BENMWYUHHA p —
3HAYCHHS 7173 (OCKUIBKY k3 = 4). Y pasi nepexoy 3i CTaHy 5 JI0 CTaHy 6 10 KOJIOBOTO
crosa gonaerbes psok 0111111, a 10 BeNMUUMHN p — 3HAYEHHS 7174 (OCKUTBKH k3= 6).
SIKIIO 5K TiCIs TOAaBaHHS 0 KOIOBOIO CiioBa psiyika Burisiay 01...1 13 6 abo Oinbiie
OJIMHUIISIMA aBTOMAT 3HOBY 3UHMTYE CHUMBOJ «1», TO 10 BEJMYUHHU p JOHAETHCS
3HAUCHHS /75. 3ayBOKUMO, ITI0, 3TIMTHO 3 aJTOPHUTMOM 1, 3CYB YCIX KOJOBHX CIIiB
JOBXWHU L y pa3i IojmaBaHHA 10 HUX Ti€i came OIiTOBOi ITOCTIIOBHOCTI BHTJISIITY
01...1 Oyzxe ogHAKOBHMM, Tak camo, SIK 1 3CyB yCiX CIiB JOBKHHHM L HE MEHII HiX i3 6
OJMHUYHHUMH OiTaMH HAMPUKIHII Y pasi 10AaBaHH 10 HUX OJMHUYHOTO OiTa.

PeBepcHi MyNBTUPO3MIIBPHUKOBI KOJM MAalOTh Takud came Koe(illieHT
CTHCKaHHS, SK 1 MpsAMiI MYJIBTHPO3IIIBHUKOBI KOJW 31 CIIOBHUKOM JOCTaTHBO
BEJIMKOTO PO3Mipy, TOOTO CIIOBHHKOM Y BHIJISI MAacUBY, IIO MICTUTH CIJIOBa
BHXITHOTO TEKCTY B TaKWX MO3MINAX i1, ..., Iy, MO 00pazu y(iy), ..., y(i,) € n
HAWKOPOTIIUMH KOJOBHMH CIIOBAMH, JI€¢ 7 — KIUIBKICTh Pi3HHX CIIB Y TEKCTi.
Opnnak, SK 3a3HAYEHO BHWINE, CIOBHHK 32 TaKOTO MiAXOJy 30UTBIIYETHCS
€KCIOHEHLIHHO BIJHOCHO # 1 TOMY HaBiTh AJsl TEKCTIB CEpeIHBOTO PO3MIpy,
TakuXx siKk BiOist, BUKOPUCTaHHS TAKOTO CJIOBHHKA € IPAKTUIHO HEMOXKIIUBUM.

JAns TOpiBHSHHS TNPaKTHYHOI CTUCKAJIBbHOI €(EeKTHBHOCTI TpsAMUX Ta
PEBEPCHHUX MYJIBTHPO3UILHUKOBAX KOJIB OYyJIO TPOBENEHO OOYUCIIOBAIBHUIMA
EKCIIEpHUMEHT, PE3YJIbTaTH SKOTO HaBeeHO B Tab. 1.

Komm Oyno ampoOoBaHO Ha TphOX TEKCTAaX: BIMHOCHO HEBEIHUKOMY
YKpaiHCHhKOMY, a TaKOX Ha aHTJIOMOBHHX TEKCTaX CEPEIHBOTO Ta BEJIHUKOTO
po3mipy. CepenHiii TeKCT — Iie aHTJIHChKHUN Tepekiiaa biomii, a BEIUKUA TEKCT,
skuii Mu To3HadyatiMemMo EN, — BuOipka BHUIaJKOBUX craTeid 3 Bikimenii.
3 TekcTiB OyJO BUIAICHO 3HAKW ITyHKTYaIlil, a TAKOX CKAaCOBAaHO PO3PI3HEHHS
BEMKHX 1 Manux jitep. CUMBOJIaMU BX1THOTO anaBiTy BBaXKaJIMCS CJIOBA, TOOTO
MTOCITIOBHOCTI JIiITep MK IBOMA TIPOOiTaMH.
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Taon. 1. [Ilopienanna cmuckanbHoi eekmusnocmi Myabmupo30iibHUKOBUX mMaA
DeGepCHUX MYTbMUPO30IIbHUKOGUX KOOI8 (HABEOEHO cepedHIo 008IHCUHY KOO0BOZ0 C/108d 8
Oimax i 6i0comok nepesunienta 3Ha4eHHA eHmPOonii)

Kinbkictb Po3zmip 3HaueHHs DL
235

Tekct . . Dyss
CITiB y TEKCTi | CJIOBHHKA EHTPOMii .

Rass Ry Ry s

Xiba peByTh BOJIU

SIK sICJIa [TOBHI, 12,476 | 12,826 | 12,305 | 12,418 | 12,192

I1. Mupnnii 104832 22512 11,519 83% | 11,3% | 6,8% 7,8% 5,8%
(YKpaiHChKOIO)
bibnist 790 018 14018 8.879 9,236 | 9,315 | 9,211 | 9,082 9,2

(aHriHCHKOIO) 4% 4,9% 3,7% 2,3% 3,6%

EN — cratTi 3
Bixinenii 19507783 | 288179 11,0783
(aHrTiHCHKOI0)

11,488 | 11,544 | 11,464 11,6 | 11,393
3,7% 4,2% 3,5% 4,7% 2,8%

VY croBrmsix Tabm. 1, o BiIMOBIAAIOTE KOJaM, HABEIEHO CEpPe/THI JOBXKHUHH CITIiB
y OiTax, a TakoXX TEpeBHIICHHS WMH 3HAYSHHSAMH iH(POPMAIIHOI eHTporii —
TEOpPETHYHOI HMKHBOI MEXi UL Takol BEJIMYMHH, K CEPEAHs JOBKHHA KOZOBOTO
CIIOBa y Pa3i 3aCTOCYBaHHS YaCTOTHOTO METOAy KomyBaHHs. [lopsin 3 peBepcHUM
KOJIOM R;3s BHKOPHUCTaHO MPSMHK MYJIBTHPO3IUIHUKOBHN KO 3 HE30UIbIICHUM
CIIOBHUKOM (TOOTO IO CKJIaJy IIhOTO KOy BKITIOYEHO CIIOBA, sIKi € 00pa3aMy MepIx

1 HATypaIbHUX YHCEN) — DzL3 s — Ta Kox D35, CIOBHMK SIKOrO 30UIBIIEHO Yy

4 pasu TOpIBHAHO 3 MiHIMATHHUM. SIK CBimUaTh HaBeleHi B TaOm. 1 pe3ynbTarw,
PEBEPCHUIA MyJBTHPO3ILTLHUKOBUI KO/ 3a0e3nedye Koe(illieHT CTUCKAaHHS TeKCTY
Ha 0,2-0,3 % BuIIMiA, HK BiIMOBLAHUN TPSIMHUIA MYJIBTUPO3IUTEHUKOBUH KOI 3 y 4
pasu Outbiium  crioBHMKOM, Ta Ha 0,7-1,2 % Bummid, HDK npsaMui
MYJIBTHPO3IIJIBHUKOBIH 3 HE30UIBIICHMM CJIOBHHKOM. BpaxoByiouw, 1o 3arajiom
MIEPEBUILICHHS SHTPOIIMHOT MEXI JJIsI IMX KOJIB CTAHOBUTH 3,5—5 %, OTpUMYEMO ISt
PEBEPCHUX MYIBTAPO3AUIBHIKOBUX KomiB Ha 20-30 % xkpame HaOMmKEHHS I0
SHTPOMIMHOI MEXi, HIK JIISI TIPSMUAX MYJIBTHPO3IUTEHIUKOBUX KOJIB 3 He30UIHIIICHIM
CITIOBHHKOM, 1110 € JIOCTATHBO CYTTEBOIO TIEPEBATrOI0.

[TigBUIIMTH CTYIiIHL CTUCHEHHS MOJKHA III¢ OLNIbIIE 3aBASIKH BUKOPUCTAHHIO
KoAiB 3 OinbpIl HiK TpboMma posainbHuKamu. [ligOip onTuManbHOro Habopy
PO3AUILHHUKIB PEBEPCHOTO KOJY VIS IEBHOTO TEKCTY JIETKO aBTOMATHU3YBaTH, 110
i Oyno 3po0neHo st BOX TekcTiB 3 Tabm. 1. Jlnst Biomii e BUSBUBCS KOJ 3
yciMa po3AUTEHAKAMH, IO MICTITH Bif 2 a0o Oinblle oMWHMIG, Y Taba. 1 fioro
MMo3Ha4YeHO K R, ., a i craredl 3 Bikinmemii — Koj, 10 Mae pO3MITBLHUK 3
JIBOMa OJUHHISIMH, a TaKOX YCi PO3MUIBHUKH, IO MICTATh HE MEHIIE
4 opuHULb; y Tabm. 1 fioro mo3HaueHo sk R; 4 .

3ayBaXMMO, 110 HACHpaBAi y MPOBEICHOMY OOYHCIIOBAIHLHOMY
EKCIICpUMEHTI HaWJOBIIMN PO3MIIBHUK y Komax R, ., Ta R4, MicTHB 15
OJIMHUIb, a [OJaBaHHS HACTYIHUX PO3IUIBHUKIB IMiJBUINYBAIO CTYIiHb
CTHCKaHHS He3HayHO. Tak, Komu R, |4 MOpIBHAHO 3 R, 15 st bi0mii ta Ry4 16
MOPIBHSAHO 3 Rp4 15 Hsl cTared 3 Bikinenii Oymu KOpPOTIIMMH MEHII HIXK Ha
0,01 %. Tomy MOkHa BBaXatTH, O Ry 15 = Ry o Ta Ry 4 15 = Ro 4 oo
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ONTUMISALIA O6POBNEHHA CNOBHUKA

YV momepenHiX po3aiiax MH JOCHTIIPKYBaJIM TEOPETHYHI BJIACTHBOCTI KOIMIB Ta
MTOPIBHIOBAIM TXHIM MOTEHITIAN y CTHCKAHHI MMPHPOJHOMOBHUX TEKCTiB. [|JIs1 1IbOTO
OyJI0 TOCTaTHBO 3HATH, KUK 00CAT MaB TOW Y IHIIUK 3aKOm0BaHMIA TeKCT. OHAK
HA TPaKTHII, SKIIO eIEMEHTAMH BXiZHOTO an(aBiTy € CJI0Ba MPUPOTHOT MOBH, TO
KpiM BJacHE 3aKOAOBAaHOTO TEKCTy, y (ailii apxiBy moTpiOHO 30epiratu 1me i
cloBHUK Dict — 1ie HeoOXiaHa yMOBa JUIsl OOy IOBH Ha OCHOBI KOZLy apXiByBalbHOI
nporpamu. CIOBHUK 30UIbIIyE OOCST 3aKOAOBaHOro (aitly 1 TOMy HOro Tex
moTpiOHO 30epiraTu B OUTHIT WM MEHIN KOMMAKTHIN (opmi. 3ayBakumo, IO IS
MYJBTHPO3IUTFHUKOBAX KOJIB 30epiraTéi CJIOBHUK y BHIVIAII TOCIHIAOBHOCTI Tap
(CITOBO BXITHOTO TEKCTY, KOJOBE CIIOBO) HEAOIIBHO. AJDKE AOCTaTHBO 30eperTu
JIMIIIE TMOCTIOBHICTh CNIB BXiJJHOTO TEKCTY, BIOPSAKOBAHHUX Y TIOPSJKY CIaJaHHS
ixHix yactot. Tofi JeKOTyBaHHS BUTJISIATUME TaK:

1) 3HaxXoAMMO JJIsl 4ePrOBOrO KOJOBOTO CJIOBA code HaTypalbHE YHCIIO, L0
€ iforo mpoo6Gpazom ' (code);

2) IOmAEMO IO AEKOIOBAHOTO TEKCTY eneMeHT cioBHHKaA Dict[y ' (code)).

OnmmemMo Aeski TMPOCTi MPUHAOMH, IO TAlOTh 3MOTY JOCSTTH TIEBHOTO
MOKpanieHHs] Koe(illieHTy CTHCKaHHA TEKCTiB, SK Oe3, Tak i i3 3aCTOCyBaHHIM
apxiBaTropa, SKIIO Pa3oM i3 TEKCTOM 30epiraeThCsi CIOBHUK. JIErko 3ayBaKUTH
HAUTMIIKOBICTh Y KOJYBaHHI CJiB, IO TPAIUISIOTBCS B TEKCTI OAWH pa3: y
3aK0Z0BaHOMY (Daiiili BOHM TPAIUISIOTECA 1 B CJIOBHUKY, 1Y BUITISIl KOJOBOTO CJIOBA
B caMoMy TekcTi. MoxHa Oyjno O YHHKHYTH TMOAAHHS TaKUX CJIB y BHIJISAIIL
KOJIOBOTO CJIOBA B3araii, 3alMCyIOUH iX Y TEKCTi B He3aKoJ0BaHOMY BUTIIsiL. OHAK
TOMI TIOCTa€ 3aBJAaHHS BUSBIICHHS IOYATKIB Ta KIHIIIB TaKWX CJiB, IO BUMarae
BUKODHCTAaHHsS JIOJJATKOBUX CHEMialbHUX CHUMBONIB. ToMy e(deKTHBHIIINM
BUJIAETHCSI OTTUCAHUN HIDKYE TIIXi] A0 MTOJ0NAaHHS i€ MPOOIeMH.

1. BigcopTyBaTn (parMeHT CIOBHHKA, IIO MICTHThH CJOBa i3 4acTOTOIO 1,
y TOPSIIKY TOSIBU LMX CIIiB y TekcTi. [To3HaunMo 1eit BiacoproBaHuii pparMeHT
sk Dicty.

2. KogyBatu cioBa, 1o MaroTh 4acTOTy 1, HE KOJaMH IXHIX HOMEpIiB Y
CIIOBHHKY, a TICBHUM CICI[IaIbHUM KOPOTKHM KOJIOBUM CIIOBOM code,
(0THAKOBHUM JUTS BCiX TaKHX CIIB).

3. Ilim dac neKoayBaHHS, KOJM TPAIUISIEThCS KOJOBE CJIOBO codey,
3aMiHIOBaTH HOTO YeproBUM CIOBOM 3 ()parMeHTy CIIOBHUKA Dict;.

Cnoci6 BHOOpY KOAOBOrO CIlOBa code; € NOCTaTHBO OYEBHIAHUM. Y MIOWHO
OITMCAHOMY METOJI TiJ| Yac KOAyBaHHs Ta JIEKOAYBaHHS BCi CIIOBa i3 YacTOTOO
1 po3risaaroThCs K OJHE TE€ caMe CJIOBO, SIKE MAa€ TMEBHY (JIOCTaTHHO BHCOKY)
4acToTy. A OTKe, y BIOPSAKOBAHOMY 32 CHAJaHHSAM YacTOT CITUCKY CJiB TEKCTY 1€
CJIOBO Ma€ TIEBHUI HOMED, SIKOMY 1 Bi/ITIOBiZIa€ KOIOBE CIIOBO code.

Y pe3ysbTarti i 3anucy KOXKHOTO CIIoBa Word 13 4acToToro 1 3amictk [word| +
|y(word)| OiTiB BUKOPHCTOBYEThCS [word| + |code;| GitiB. ExoHoMist BinOyBaeThcs
3aBISIKM TOMY, 1O |code| < |y(word)|. Tak, Hanpukiaz, y Tekcti EN cinoBo word,
Mae 15-Ty TO3MILIIO 32 YaCTOTOM0, SIKILO PaxyBaTH BiJl HAMOUIBIIOL, a [code =7, Toxi
AK cepeaHe 3HaueHHs |y(word))|, word € Dict,, cranoBuTb 25,68.
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3BUYaiiHO, OTPIOHO TAaKOX 30epiraTy IMO3MIII0 TEpIIOro cjoBa y (parMeHTi
cmopanka Dict;. Ilim 1mie dmcmo MokHa BifBecTH (DikcoBaHY KUTBKICTH OITIB Ha
MoYaTKy (haiiiTy apxiBy ab0 3aK0IyBaTH MOTO OIHUM 3 YHIBEPCATHHIX KOJIIB.

Jlnst mpuKTIamy po3rIITHEMO TIPUHITAIT KOXyBaHHS (pasu «Mili BEIMKHIA CTiN — 11e
Miii cTinm». 7 cnpomieHHs mepeBeieMO BCi CIIOBA y HIKHIM PEricTp: «Miil BEIUKUiz
CTiJI Lie MiHi cTL. MHOKMHOIO YHIKaJIbHHX CITiB Pa3oM 3 IXHIMHM 4acTOTaMH € [Miif —
2; Bemukuid — 1; crin — 2; nue — 1]. Byayemo BimoOpakeHHsT 3 MHOXXHHH
VHIKQIGHUX CJIB y MHOXXHHY HATypaIbHUX YKCE] TaKUM YHMHOM, MO0 CIIOBaM 3
OLTBIIIOI0 YAaCTOTOIO BiMIOBimamM MeHIn uncnia. [loOymoBaHe BimoOpakeHHs Oyne
Maty BUTII [Mid — 1; cTim — 2; Bemukwid — 3; e — 4]. CIOBHHKOM Y ITbOMY
BUMAAKy Oynme [miii crinm Benmkwmii 1e]. [lami Mokemo 3ammcaTd 3aKOIOBaHY
MOCITIIOBHICTE: [Mili ctin Bemukuii nel[1 3 2 4 1 2]. [lng copolieHHsT MpUKiIaTy
HATypaIbHI 4YKCIa HE 3aMIHIOBAMCS KOJOBUMH CJOBaMH. Y  pealbHHX
EKCIIepMMEHTAX TaKa 3aMiHa 3IHCHIOEThCS, & TAKOXK MDK KOJOBMMH CJIOBaMU HE
3aIUCYIOTh MpOOLTIB. SIK BWIHO, CIIOBA «BEIUKHI» Ta «lIe» TPAIULBIOTECA Yy
3aKOIOBaHIl TOCITITOBHOCTI 1Bivi. KinmbKicTh ciiB i3 gactoToro 1 mopiBHioe 2. Ham
MOTPiIOHO MOMU(IKYBATH BiMOOPaKEHHS 3 MHOKWHH VHIKATGHUX CJIiB HA MHOKUHY
HATYpaIbHUAX YMCEIN, BUAAIMBIIH BCi CIIOBA YacTOTH | Ta IOAABIIHN OTHE HOBE CIIOBO,
YacTOTOI SIKOTO Oyje KUIBKICTh BUAQJICHUX CliB. MomudikoBaHe BioOpaKeHHS
Oyne maru BUrIsIA [word; — 1; Milt — 2; ctin — 3]. YV pe3ysbTari KogyBaHHs Oyne
Martu Bunia [2][mii crin Benumkmid 11e][2 1 3 1 2 3]. Ipedike [2] nae indopmarrizo
PO KUTBKICT CITIB 13 4acToToIO 1.

Onmcanuii cmoci® omTuMizarii CIOBHMKAa MOYKHA TaKOX TONIUPHUTH Ha
cioBa i3 wactoToro Oumbme HiX 1. Hexait Dicty — 1ie ¢pparMeHT CIOBHHKA, IO
MICTHTP CIIOBA i3 YACTOTOIO k, BIOPSAKOBAHI 32 MICIIEM TEPIIOi MOSBU B TEKCTI.
[lim gac xomyBaHHS TEKCTY, Yy pa3i KO ciIoBo word € Dict;, TpamseTbes
BIIEpIIIE, KOIyEMO HOTO CIEI[iallbHUM CIIOBOM codey, a SKIO HE BIIEpIIe — TO
KOZIOBUM CJIOBOM, SIK€ BiJIITOBiIa€ HOMEPY CIIOBa word y 3arajJbHOMY CIIOBHHKY.
[1ig gac nexoyBaHHS, KOJH TPAILUIAETHCS KOMOBE CIOBO codey, 3aMiHFOEMO HOTO
YEeproBUM CIIOBOM 3 (pparMeHTy ciioBHUKa Dicty.

Tak, y monepeqHroMy NpHKIIa i OyIio 1Ba CI0Ba i3 YaCTOTOIO 2: «Mii» Ta «CTL».
SIKIO 3aMIHIOBATH TAKOX CJIOBA i3 YaCTOTOKO 2, TO MOAU(IKOBAHE BiIOOPaKEHHS
CJIOBHMKA Ha HATypasbHI Y¥ICiIa MaTUMe BUTIISI [word, — 1; word; — 2; milt — 3;
cTin — 4]. V pe3ynbTaTi KomyBaHHs Oyie MaTy BUIELA [2 2][Miit cTi Bemwkwii e ][ 1
2123 4]. Y npedikci [2 2] 3ammcana KUTBKICTB CITiB i3 4aCTOTO!O 2 Ta i3 4acToToro 1.

3BHUaiiHO, YMM OinbIiM OyJle 3HAYeHHS k, THM MEHIINH e]ekT maBaTume
TaKuid TPUHAOM, OCKUIBKH, TO-TIEpIIe, Y HPUPOJHOMOBHOMY TEKCTI KUIBKICTBH
PI3HHX CHIB i3 4YacTOTOO k 31 30UIBIIEHHAM k 3MEHIIYEThCA (a 3 k eK3eMIUISIPIB
KOJKHOTO TaKOTO CJIOBa CKOPOYYBATHMETHCS KOJ| JIUIIE OJHOTO); MO-APYTe, YUM
OuTBIIOI0 € yacToTa k cioBa word, THM KOPOTIIHUM € HOTO OpWUTIHANBHHKA KOI
y(word) 1, HapemTi, BUKOPUCTAHHS JSIKUX KOJOBHX CIIB SIK 3ape3epBOBAHUX
Jlemo 30UThIIye OBXKWHY IHIIMX KOJOBHX cJiB. Ha BumpoOyBaHuX
MPUPOTHOMOBHUX TEKCTaX Ul k > 3 3acTOCYBaHHS OIMCAHOTO METONy HE Ja€
MPaKTUYHO HiSIKOTO MOKPAaILeHHs KOe(illieHTy CTHCKaHHS.

18 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 4 (202)



3acmocyeanna myremupo30iibHUKO8UX KOOI8 00 apXigy8aHHs NPUPOOHOMOBHUX MEKCMIE

MOKPAULEHHA EOEKTUBHOCTI BIAOMHX APXIBATOPIB

AmHaniz e()eKTUBHOCTI CTHUCKaHS, KpPiM BHUIICHA3BAHOTO TEKCTY aHTIIIHCHKOIO
MoBoio (EN), 6ymio mpoBeneno Ha Tekcrax Himernskoro (GE), pociiicekoro (RU)
ta ykpaincekoro (UA) moamu. @aitn EN, sk yke 3ragyBanocs, € BHOIPKOIO
crarerr 3 Bikinmezii. @aiinn iHMMMHA TPUPOTHUMH MOBaMHU OyJIO CTBOPEHO 3a
JOMIOMOTOI0 aBTOMAaTUYHOI CHCTeMH 30MpaHHs HOBHH 3 [HTepHeTy. NS TEKCTiB
3aCTOCOBYBAJIU MepeJ00pOOIeHHs Y BUIIIAAl BIIYYEHHS BCiX PO3AUIOBUX 3HAKIB
3 TEKCTy Ta 3aIlUCy CIiB BEIMKHMH JIiTepaMH 4epe3 oAuH mpobin. Enementamu
andasity Oyad  TOCTIIOBHOCTI CHMBOJNIB MDK JBOMa  IpoOijgammu.
XapaKTepuCTUKH BCiX OTpUMaHUX (aiiriB HaBeJeHO B TaOwmIIi 2.

Hapnani 6ynemo BUKOpUCTOBYBaTH HacTyIHI mo3HadeHHs: Enc — 3actocyBanHs
KomyBaHHS 1o (Qaitmy, Dict — momanHs ciouka, Collapsed 1 — onrumizartis
CIIOBHHUKa 114 ciiB i3 yacrotoro 1, Collapsed 1 2 ontumisarist cioBHHKa ISl CIiB 13
yactotamu | Ta 2, Ar — 3actocyBaHHs apxiBaropa. [IopiBHSHHS TaK0X IPOBOIMIOCS
3 TaKUMU TIOTY>KHUMHM EHTPOIIHHIME KOIyBaHHAMH, sIK kKoau ['apdmana (Huff) [4]
Ta eHTpoITiiiHe KomyBaHHs 31 ckinueHHnME cTaHamu (FSE, Finite State Entropy) ma
OCHOBI aCUMETPHUYHHX CHCTEM YHCIICHH [14].

PizHi apxiBaTopu HalOTh pi3HI pPE3yNIbTATH CTHCHEHHS. TOMy BaXKIIMBUM €
TIOPIBHAHHA TXHIX XapaKTepPUCTHK. Y KOHTEKCTi Ii€i poOOTH BHUKOPHCTOBYBAJIHCS
apxiBaTopu 7z, zstd, bzip2 ta gzip. ¥V Tabmuui 3 HaBe#eHO pe3yJbTaTh apXiByBaHHS
¢aitmy EN. Sk BugHO, HalKpaili MOKa3HUKHA Mae apxiBarop 7z, MPHIOMY HOTO
nepeBara Oyna cTaOiMBHOIO B yCIX TNPOBEACHWX EKCIEpUMEHTaX. ToMy B
NOZAJIbIIOMY HAaBEIEHO PEe3yJIbTaTH caMe I LbOTo apXiBaTopa.

Y T1abmumi 4 HaBeIEHO pe3yJbTaTH KOMYBAHHS aHTJIMCHKOTO TEKCTy 3a
JIOTIOMOTOI0  KOAyBaHHS Rp4 ., Ry, FSE T1a Taddmana, i3 3actocyBanHIM
onTHMI3allii CIOBHMKAa Ta KOMOIHYBaHHSIM 3 apXiBaTopoM 7z. 3ayBa)KHMO, IO
3aCTOCYBaHHsI OINTHMI3allii CIOBHHMKA 3aBXIM IOKpAllye KiHLIEBI pe3yJbTaTH
CTUCKaHHSI, HE3AIEXKHO Bill TOTO, KU caMe PEeBEpCHHUN MYJIbTHPO3ALTEHUKOBUIMA
KOJI 3aCTOCOBYBABCS, @ TaKOX BiJl TOTO, 3aCTOCOBYBAaBCSl IOTIM apXiBaTop YM Hi.
Kpim Toro, onrumizartist 3a cmopamu i3 actotamu 1 i 2 (Collapsed 1 2) 3aBxmu
nmae Outemmid edekT, HiK Jmmme 3a ciaoBamu i3 dactotoro 1 (Collapsed 1). ¥V
HallKpalioMy BHUIAOKy BIA€ThCsS AOCSIITH MOKa3HMKA, o Ha 0,58 % mepeBuirye
3HAUEHHs €HTpomii. 3ayBa)KUMO, IO LEH pPe3yibTaT € HaWKpalluM Cepex YCix
JIOCII/DKEHUX METOMIB CcTuCHeHHs s Qaiily EN B pavkax miei poOoTw.
IMokpaleHHs! BiTHOCHO 3aCTOCYBaHHSI OJJHOTO JIMILIE apXiBaTtopa 7z ckianae 3.02 %.

Tab6n 2. Xapakmepucmuku uxioHux mekcmie

®Daiin Kim’lficn . 3 mx . Po3mip, MO Enrpomis, MO CnoBauk, M6
CIliB YHIKAJIbHHX CITiB
EN 19507783 288179 116,92 27,01 2,59
GE 22040994 432386 150,5 32,48 5,47
RU 9934417 298343 132,46 16,09 5,62
UK 9859970 291218 126,85 15,87 5,36
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Tabn 3. Pe3ynbmaniu cMucHeHHA AHTIIICbKO20 MEKCIY apXieamopom 7z

Daitn ApxiBarop Po3zmip, M6 % NepeBHIIEeHHS SHTPOIIT
EN 7z 27,98 3,6 %
EN Zstd 28,15 4,2 %
EN Bzip 31,66 17,2 %
EN Gzip 37,35 38,3 %

Taon. 4. Pesynbmamu CcMUCHEHHA GH2NIIICHKO20 MEKCHY 3d OONOMOZO0H) DPeepPCHUX
MYTbmMUpo30inbHUKOBUX K00ie, Kooie I adhpmana ma xooyeannsn FSE i3 ma 6e3 nooansuiozo
apxieyeannsn apxieamopom 7z

Daiin Enc Merog Apx. Po3mip, M6 | % mepeBHIIEHHS €HTPOIT
EN Ry Enc 30,37 12,4 %
EN Ryswn Collapsed 1 Enc 30,11 11,47 %
EN Rysw Collapsed_1_2 Enc 30,05 11,22 %
EN Rosw Enc 7z 27,52 1,88 %
EN Ros o Collapsed_1 Enc 7z 27,34 1,21 %
EN Ros o Collapsed_1_2 Enc 7z 27,29 1,01 %
EN Ry Enc 30,87 14,3 %
EN Ry Collapsed_1 Enc 30,58 13,21 %
EN Ry Collapsed_1_2 Enc 30,50 12,9 %
EN Ry Enc 7z 27,64 2,32 %
EN Ry Collapsed 1 Enc 7z 27,23 0,80 %
EN Ry Collapsed_1_2 Enc 7z 27,17 0,58 %
EN FSE Enc 29,91 10,7 %
EN FSE Enc 7z 28,30 4,77 %
EN Huff Enc 29,97 10,95 %
EN Huff Enc 7z 28,00 3,64 %

[Mpupognum € mwTaHHsS 1po Te, uyu Oyae pPO3pOOIEHUH METOH JaBaTh
TIOKPAIIEeHHs! JUTSl 1HIIMX MOB, KPiM aHTMIChKOI. Y TaONmuIl 5 HaBENEHO pe3yJsbTaTH
CTHUCHEHHSI TEKCT1 HIMEIIbKOIO, POCICHKOI0 Ta YKpaiHChKkoro MoBamu. [1yist (aiiny GE
MOKpameHHst cTaHoBuTh 2,99 9%. [nmst pociificbkoro Ta yKpaiHCBKOTO TEKCTIB
3alpOMOHOBAHUIT HAMH METOJ TMOKpalleHHs He Jac. MalyTbh, 1€ MOSICHIOEThCS
BUCOKO(IICKTHBHAM XapaKTEPOM CIIOB’STHCHKUX MOB, IO TPUBOAUTH JIO0 3HAYHO
OLIBIIIOT KUTHBKOCTI PI3HHX CIIIB BiZTHOCHO 00CSTY TEKCTY.

Takoxk BapTO 3ayBAXKUTH, 1110 B HABEJICHUX PE3YJIbTaTaX PO3MIP CTUCHEHHX JIAHUX
OyBae MEHIIIMM 3a piBeHb eHTpomii. L[e MOsCHIOETHCS THM, IO il YaC BU3HAYCHHSI
EHTpOIIIi eNeMEeHTaMH BHXITHOTO ai()aBiTy IOCTIIOBHOCTI CHMBOJIB MDK JIBOMa
npo0OiIamMu, a HACTIpaBi TEKCT MOYKHA TIOAUIITH Ha CJI0Ba OaraTtbMa CIIoco0amM, 1110 i
MPAKTUKYETHCS B YHIBEPCATBHUX apXiBaTopax. [HaKIlle KaXKydd, 3HAYCHHS CHTPOIIl,
O0UHCIIeHE 32 «TPaUIIIHHOr0» TOJIUTY TEKCTY Ha CIIOBa HE € MIHIMATEHO MOKITHBHUM,
SIKITIO TTIOPIBHIOBATH 3 IHIIIMMH CTIOCOOAMM OOUMCIICHHS IIi€T BEJTMYHHU.
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Taon. 5. Pesynomamu cmucnenna ¢ainie GE, RU ma UK oxpemo apxieamopom 7z ma y
KomMOIHauii 3 po3poonenumu Menmooamu nepeooopooKu.

Daiin Enc Merop Ar Po3zmip, M6 % TIepeBUIIEHHS SHTPOIIT
GE 7z 32,78 0,96 %
GE FSE Enc 7z 33,96 4,56 %
GE Huff Enc 7z 32,85 1,14 %
GE Rysw Collapsed_1_2 Enc 7z 31,97 -1,57%
GE Ry Collapsed_1_2 Enc 7z 31,82 -2,04 %
RU 7z 14,77 -8,17 %
RU FSE Enc 7z 17,52 8,89 %
RU Huff Enc 7z 16,29 1,24 %
RU Ryswn Collapsed_1_2 Enc 7z 15,84 -1,55%
RU Ry Collapsed_1_2 Enc 7z 15,74 -2,20 %
UK 7z 15,33 341 %
UK FSE Enc 7z 17,31 9,05 %
UK Huff Enc Tz 16,55 4,28 %
UK Ry s Collapsed_1_2 Enc 7z 16,14 1,65 %
UK Ry Collapsed_1_2 Enc 7z 16,05 1,15 %

3arajJoM MOXJIMBICTb TOKpalleHHS Koe(illieHTy CTUCHEHHsS apXiBaTopiB
3aBJSIKM MYJBTHPO3UIEHUKOBUM KOJJAM MOYKHA TTOSICHUTH THM, IO Ii KOJH HE
TUTBKH CTHCKAIOTh TEKCT, aJie i BHOCATh B HHOTO MEBHY PETYILIPHICTD, SIKa MOTIM
BUKOPHCTOBYETBCS apXiBaTOPaMH.

V crarti OyIi0 IOCHIMKEHO HOBHH Kiac KOIIB i3 PO3AUTEHUKAMH — PEBEPCHI
MYJIBTHPO3IIIBHUKOBI KOJH, SKI € BIOCKOHAJICHOK BEpPCI€I0 HEIIOJaBHO
BUHANICHUX «IPSAMUX» MYJBTHPO3AUIBHUKOBUX KOMAIB. PeBepcHi komu
BUPILIYIOTh NpOOJIEMy HEMOHOTOHHOCTI CIIOBHUKA, BJIACTHBY HPSMHUM
MYJIBTUPO3IITFHUKOBUM KoJaM, 30epiraroun Bci IXHI MO3WTHBHI BIaCTHUBOCTI,
Taki K MIBUJIKICTh JCKOAYBaHHS, CTIMKICTh JO MOMHJIOK Ta MOKJIMBICTB
nouryky ingopmarilii B 3aK0/JOBaHOMY TEKCTi 0e3 HOro po3KOTyBaHHS.

Takox Oyn0 OOCHIMKEHO MOMJIMBICTH TMIABUINCHHS €(EKTHUBHOCTI
apXiByBaHHsS NMPUPOJHOMOBHUX TEKCTIB 3aBSKH iX MONEPETHHOMY KOIYBaHHIO
PEBEPCHUMH KOAaMH. 3a3HauMMO, IO B CyYaCHUX apXiBaTopax 3aCTOCOBYIOTHCS
HaMpI3HOMAHITHIIII METOAM CTUCHEHHS IaHWX 1 MOMJIMBICTH IMOKpAILEHHS
Koeili€HTy CTHCHEHHSA, ILI0 JAOCATA€ThCS LUMH NpPOrpaMaMid, BHIA€THCS
BeNbMHU MpobOnemarnuHoo. OJHAK 3aBISKH BHUKOPUCTAaHHIO PEBEPCHUX
MYJIETUPO3IILHUKOBUX KOJIB Ta ONUCAHUX Y CTaTTi CHOCOOIB OmTUMIi3allii
CIIOBHHKA Yy IBOMY HAmpsAMi BRANOCS IOCSATTH HMO3UTHBHHUX DPE3yJbTaTiB LA
TEKCTiB He(DJIEKTUBHIUMH MOBaMH (QHTJIMCHKOI0 Ta HIMEIBKOIO), TIOKPAIIUBIIH
KoeilieHT CTHUCHEHHS TeKCTiB Ha 1-3% mpu TOMy, IIO0 BHUKOPHCTOBYBABCS
HalKpaIuii i3 BiTOMUX apXiBaTopiB B PEKUMI MaKCUMaJIbHOT'O CTUCHEHHS.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 4 (202) 21



Anicimos A.B., 3asaocexuii 1.0., Yyoakos T.C.

JITEPATYPA

L.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

D. Salomon. Variable-Length Codes for Data Compression. London. U.K.: Springer-
Verlag, 2007.

Burrows M., Wheeler D. J. A Block-Sorting Lossless Data Compression Algorithm.
Digital Systems Research Center, Palo Alto, CA, USA. 1994, Research Report 124.

b. 4. Psabko, “CxaTvie NaHHBIX C INOMOIIBIO cTonku KHHr, [IpoGiembl nepenayu
unpopmanu, T. 16, Beim. 2. c. 16-21, 1980.

. Huffman D. A method for the construction of minimum redundancy codes. Proc. IRE.

1952, Vol. 40, pp. 1098-1101.

. Lakshmanan K.B. On universal codeword sets. /[EEE Transactions on Information

Theory. 1981, Vol. 27, pp. 659—662.

. Apostolico A., Fraenkel A. Robust transmission of unbounded strings using Fibonacci

representations. [EEE Transactions on Information Theory. 1987, Vol. IT-33, no. 2,
pp. 238-245.

. Anisimov A.V., Zavadskyi 1.O. Variable-Length Prefix Codes With Multiple Delimiters.

IEEE Transactions on Information Theory. 2017, vol. 63, no. 5, pp. 2885-2895.

. Elias P. Universal codeword sets and representation of the integers. I[EEE Transactions

on Information Theory. 1975, Vol. 21, no. 2, pp. 194-203.

. Golomb S.W. Run-length encodings. IEEE Transactions on Information Theory. 1966,

Vol. IT-12, no. 3, pp. 399-401.
Klein S.T., Ben-Nissan M.K. On the usefulness of Fibonacci compression codes.
Computer Journal. 2010, Vol. 53, no. 6, pp. 701-716.
Ziv J., Lempel A. A Universal Algorithm for Sequential Data Compression. /EEE
Transactions on Information Theory. 1977, Vol. 23, no. 3, pp. 337-343.
Welch T. A Technique for High-Performance Data Compression. IEEE Computer.
1984, Vol. 17, no. 6, pp. 8-19.
Witten ILH., Neal R.M. Cleary J.G. Arithmetic Coding for Data
Compression. Communications of the ACM. 1987, Vol. 30, no. 6, pp. 520-540.
Duda J., Tahboub K., Gadgil N. J., Delp E. J. The use of asymmetric numeral systems as
an accurate replacement for Huffman coding. 2015 Picture Coding Symposium (Cairns,
QLD, Australia, 31th of May—?;rd of Jun, 2015). Cairns, Australia, pp. 65-69.
Anisimov A.V., Zavadskyi 1.0. Splittable Data Compression Codes. 2019 IEEE
International Conference on Advanced Trends in Information Theory (Kyiv, Ukraine,
18-20" of Dec, 2019). Kyiv, Ukraine, pp. 71-74.
3aBazacekuii 1.O. IToxnineHi Kooy Ta iX 3acTocyBaHHS. Pykonuc aucepranii Ha 3100yTTs
HAYKOBOIO CTyIleHs JokTopa ¢i3.-mar. Hayk. Kuis, 2020, 335 c.
Zavadskyi 1.0., Anisimov A.V. A Family of Data Compression Codes with Multiple
Delimiters. Prague Stringology Conference (Prague, Czech Republic, 29-31™ of Aug,
2016). Prague, Czech Republic, 2016, pp. 71-84.

Otpumano 10.09.2020

REFERENCES

1.

2.

3.

22

D. Salomon. Variable-Length Codes for Data Compression. London. U.K.: Springer-
Verlag, 2007.

Burrows M., Wheeler D. J. A Block-Sorting Lossless Data Compression Algorithm.
Digital Systems Research Center, Palo Alto, CA, USA. 1994, Research Report 124.

B. Ya. Ryabko, Data compression using the book stack transformation. Information
transmission problems. 1980, Vol. 16, no. 2, pp. 16-21. (in Russian).

. Huffman D. A method for the construction of minimum redundancy codes. Proc. IRE.

1952, Vol. 40, pp. 1098-1101.

. Lakshmanan K.B. On universal codeword sets. IEEE Transactions on Information

Theory. 1981, Vol. 27, pp. 659—662.

. Apostolico A., Fraenkel A. Robust transmission of unbounded strings using Fibonacci

representations. /EEE Transactions on Information Theory. 1987, Vol. IT-33, no. 2, pp. 238-245.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 4 (202)



3acmocyeanna myremupo30iibHUKO8UX KOOI8 00 apXigy8aHHs NPUPOOHOMOBHUX MEKCMIE

7. Anisimov A.V., Zavadskyi [.O. Variable-Length Prefix Codes With Multiple Delimiters.
IEEE Transactions on Information Theory. 2017, vol. 63, no. 5, pp. 2885-2895.

8. Elias P. Universal codeword sets and representation of the integers. /EEE Transactions
on Information Theory. 1975, Vol. 21, no. 2, pp. 194-203.

9. Golomb S.W. Run-length encodings. /EEE Transactions on Information Theory. 1966,
Vol. IT-12, no. 3, pp. 399—401.

10. Klein S.T., Ben-Nissan M.K. On the usefulness of Fibonacci compression codes.
Computer Journal. 2010, Vol. 53, no. 6, pp. 701-716.

11. Ziv J., Lempel A. A Universal Algorithm for Sequential Data Compression. /EEE
Transactions on Information Theory. 1977, Vol. 23, no. 3, pp. 337-343.

12. Welch T. A Technique for High-Performance Data Compression. IEEE Computer.
1984, Vol. 17, no. 6, pp. 8-19.

13. Witten ILH.,, Neal RM., Cleary J.G. Arithmetic Coding for Data
Compression. Communications of the ACM. 1987, Vol. 30, no. 6, pp. 520-540.

14. Duda J., Tahboub K., Gadgil N. J., Delp E. J. The use of asymmetric numeral systems as
an accurate replacement for Huffman coding. 2015 Picture Coding Symposium (Cairns,
QLD, Australia, 31th of May—3ml of Jun, 2015). Cairns, Australia, pp. 65-69.

15. Anisimov A.V., Zavadskyi 1.0. Splittable Data Compression Codes. 2019 IEEE
International Conference on Advanced Trends in Information Theory (Kyiv, Ukraine,
18-20" of Dec, 2019). Kyiv, Ukraine, pp. 71-74.

16. Zavadskyi 1.O. Splittable codes and their applications. Doctor of science thesis. Kyiv,
2020, 335 P. (in Ukranian)

17. Zavadskyi 1.O., Anisimov A.V. A Family of Data Compression Codes with Multiple
Delimiters. Prague Stringology Conference (Prague, Czech Republic, 29-31th of Aug,
2016). Prague, Czech Republic, 2016, pp. 71-84.

Received 10.09.2020

Anisimov A.V., DSc (Phys & Math), corresponding member
of National Academy of Sciences of Ukraine,

Dean of the Faculty of Computer Science and Cybernetics
e-mail: anatoly.v.anisimov@gmail.com

Zavadskyi 1.0., DSc (Phys & Math),

associate professor of the Mathematical Informatics Department
e-mail: ihorza@gmail.com

Chudakov T.S., student

e-mail: timofey.chudakov@gmail.com

Faculty of Computer Science and Cybernetics

of Taras Shevchenko National University of Kyiv ,

4d, Glushkov av., 03022, Kyiv, Ukraine

APPLICATION OF MULTI-DELIMITER CODES
TO NATURAL LANGUAGE TEXT ARCHIVING

Introduction. The efficiency of modern archivers is approaching to the theoretical limit.
Even small compression ratio improvements for some specific data types, by less than 1%, is
assumed to be essential when the reasonable time complexity is maintained. This research is
actual since a new data encoding method is developed, which gives the possibility to achieve
rather more significant improvement of the compression ratio when it comes to English or
German texts archiving.

The purpose of the paper is to solve the problem of non-monotonicity of a multi-
delimiter code dictionary and investigate the possibility of use the multi-delimiter encoding
on the preprocessing stage of natural language texts archiving.
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Results. The concept of the reverse multi-delimiter code is introduced. The monotonic
encoding as well as the decoding mapping from the set of natural numbers to the set of
reverse multi-delimiter code codewords is built. The efficiency of applying the reverse multi-
delimiter codes to natural language text compression is investigated together with the method
of dictionary optimization. The provided experiments show that the reverse multi-delimiter
encoding of English and German texts on the preprocessing stage and applying the proposed
dictionary optimization method allows us to improve the marginal compression efficiency of
the most powerful archivers in the maximal compression mode by about 1-3%.

Conclusions. The reverse multi-delimiter codes can be considered as an efficient tool
when it comes to compression of natural language texts. As a standalone solution, these
codes are robust, provide the possibility to fast decode and search the data in a compressed
file. As a tool for natural language text preprocessing for subsequent archiving, the reverse
multi-delimiter codes together with the method of dictionary optimization allow us to improve
the compression rate of the best up-to-date known archivers.

Keywords: compression, archiving, archiver, compression code, multi-delimiter code,
reverse multi-delimiter code, dictionary optimization, natural language text.
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IONOMETRIC METHOD FOR DETERMINATION OF CONCENTRATIONS
OF MICROELEMENTS IN RESEARCH OF DIGITAL MEDICINE

Introduction. The use of ionometric methods of chemical analysis allows to quickly deter-
mine the safety of drinking water and the concentration of electrolytes of body fluids in re-
search in digital medicine.

The purpose of the paper is to develop an algorithm for processing data measuring al-
kali and alkaline earth metal concentrations by a new electrochemical method of
chronoionometry, based on the use of the principles of direct potentiometry and ion-selective
electrodes on the inversion chronopotentiometry device.

Methods. According to the algorithm, the potentials are read in time at a speed of 4
KHz, a constant potential value is determined and a chronopotentiogram is plotted to control
stability. According to the linear dependence of the potential difference on the logarithm of
the mass of the additives, the mass of the element is found in the sample solution and the
values of the element concentrations are determined by the electrode characteristic.
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Results. The method of chronoionometry was developed and testing was performed on
the device of stripping chronopotentiometry "Analyzer SCP" for determining the concentra-
tions of potassium, sodium and calcium in model aqueous solutions. Analytical system "Ana-
lyzer SCP" includes five electrochemical research methods: the method of stripping
chronopotentiometry (SCP); pulse method SCP (PSCP); differential pulse method SCP
(DPSCP); oxidative pulse method SCP (OPSCP); chronoionometric method (CHI). The
algorithm for processing concentration measurement data by chronoionometry makes it
possible to select specific potential measurements and not take into account unstable values.
Measurements are performed by the method of multiple standard additives to ensure control-
lability of the analysis results.

Conclusions. The proposed method of chronoionometry improves the clarity and con-
trol of the stability of potential measurements, allows to choose specific values of additives
when calculating concentrations, which increase the reliability and accuracy of measuring
concentrations of chemical elements, expands the functionality of the device for stripping
chronopotentiometry and makes it more versatile.

Keywords: ionometry method, concentration, ion-selective electrodes, stripping chronopo-
tentiometry, drinking water quality, digital medicine.

INTRODUCTION

One of the priorities of the development and implementation of intelligent information
technologies in digital medicine is to improve methods for determining the quality of
the human environment for the prevention of the most common diseases.

Most common human diseases are caused by the consumption of poor-quality
drinking water and food, as well as the unsatisfactory state of the environment, which
necessitates periodic monitoring of these biogeochemical facilities. Of particular im-
portance for the prevention of human diseases is the determination of drinking water
quality by measuring low and trace amounts of toxic and man-made chemical ele-
ments to establish compliance with physico-chemical and sanitary-toxicological indi-
cators of drinking water safety. Methods of diagnosis include determination of electro-
lyte concentrations of body fluids, which can be performed by ionometric methods of
chemical analysis using ion-selective electrodes.

To perform quality control of the ecological state of the environment, for exam-
ple, water supply sources [1-3], the International Research and Training Center for
Information Technologies and Systems of NAS of Ukraine and MES of Ukraine de-
veloped a highly sensitive analytical system "Analyzer SCP" [4], which is based on
electrochemical methods of stripping chronopotentiometry SCP. The analytical sys-
tem allows to determine the trace concentrations of 14 toxic elements in drinking wa-
ter and in various environmental objects [5-8].

The physical component of SCP chemical methods is the measurement in time of
the values of the potential of the indicator and auxiliary electrode in the sample solu-
tion, which is a necessary condition for the use of direct potentiometry (ionometry) to
determine the concentrations of trace elements. To expand the functionality of the
analytical system "Analyzer SCP" added chronoionometric method (CHI) for measur-
ing the concentrations of ions of chemical elements and compounds using ion-
selective electrodes (ISE).
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PROBLEM STATEMENT

The choice of chemical elements for practical implementation by chronoionome-
try was determined by the importance of determining the ion concentrations of
the element for patient diagnosis by electrolyte analysis, as well as the need to
control it in determining the quality of drinking water in accordance with sani-
tary and toxicological standards.

Based on this, the functions performed in the human body are analyzed, the
following common chemical elements: sodium, potassium, calcium.

Potassium is the main cation of intracellular fluid, which performs the func-
tions of regulation of neuromuscular excitability, regulation of heart rate, regula-
tion of intracellular and extracellular volume and acid-base status.

The reference range of the concentration of potassium ions (K') in serum
and blood plasma is (3—12 mmol/dm®). Maintenance of K* levels in the human
body depends on the normal functioning of the kidneys, gastrointestinal tract,
aldosterone excretion in the adrenal glands, the normal acid-base state and the
activity of Na" / K" ions [9].

Violation of any of these mechanisms can alter K" levels, so a decrease in blood
concentration less than 3.5 mmol/dm® causes hypokalemia (peripheral paralysis,
respiratory failure, cardiac arrhythmia or cardiac arrest) and an increase above 5.0
mmol/dm’ causes hyperkalemia (renal dysfunction, renal failure) [10].

Sodium is the main cation, which makes a significant contribution to the
osmolarity of extracellular fluid, and its main function is to regulate water bal-
ance and maintain blood pressure [11]. In addition, Na" ions play an important
role in conducting nerve impulses and activating muscle contraction.

The reference range of concentration of potassium ions (Na') is
(116-166 mmol/dm®). About a third of Na' is in the human body in the form of com-
plexes in the bones; almost all other sodium is dissolved in the extracellular fluid. As a
major component of extracellular fluid, Na" plays a significant role in maintaining
blood volume and blood pressure. If the concentration of sodium in the extracellular
fluid is too low and is less than 135 mmol/dm’, then hyponatremia occurs when water
moves into the cells, causing them to swell. This is especially dangerous for brain
cells, as their expansion increases intracranial pressure, causing brain edema. Causes
of hyponatremia can be heart and kidney failure, cirrhosis, Addison's disease, and
causes of hypernatremia (sodium concentration greater than 150 mmol/dm’) —
chronic renal failure, Conn's syndrome, Cushing's disease, diabetes mellitus. Meas-
urement of Na' concentration is especially important for the calculation of the anionic
gap, the most important diagnostic parameter in acid-base disorders. Disorders of
sodium and water metabolism — dysnatremia is observed in a number of acute and
chronic diseases, such as cystic fibrosis, which causes inflammation in the bronchi and
leads to hypoxia and pulmonary heart disease [12].

Calcium is one of the most common cations in the body, which plays a key
role in bone mineralization and many cellular processes, such as heart and skele-
tal muscle contraction, neuromuscular transmission, hormone secretion, enzy-
matic processes such as blood clotting.

The reference range of calcium ion concentrations (Ca®") is (1.15-1.33
mmol/dm®). Almost all (99%) of the approximately 1 kg of calcium in the hu-
man body is contained in bones and teeth, the other calcium is distributed be-
tween the intracellular fluid of all cells and the extracellular fluid.
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Maintaining Ca** concentrations in the normal range is important not only for the
structural integrity of bones, but also for a number of other physiological functions,
including: hemostasis (calcium is a major factor in blood clotting), heart and skeletal
muscle contraction, neuromuscular transmission, calcium signaling hormones.

Both increase and decrease in the level of Ca>" are manifested clinically and
in severe cases can be fatal. Even a mild disorder, if not detected and corrected,
negatively affects the long-term prognosis of the human condition [13].

Ion-selective electrodes for measuring potassium, sodium and calcium.
A large number of different types of ISE have been developed for the determina-
tion of potassium, sodium, and calcium ions in biological body fluids, ecological
objects of the environment and technological production processes. When using
ISE, the main directions of research are aimed at increasing the selectivity of
individual ions [14, 15], the use of polymer composites [16, 17], carbon nano-
tubes and nanomaterials [18, 19], nanowire transistor sensors [20], flexible ion
sensors based on polyelectrolyte layers assembled on carbon adhesive tape [21],
highly stretchable potentiometric ion sensor based on surface strain redistributed
fiber for sweat monitoring [22], wearable potentiometric sensors based on com-
mercial carbon fibres [23]. ISE determination of concentrations for each specific
ion has specific features caused by the subject: the use of nanostructured TCNQ
for ion-selective K" and Na" electrodes [24], the use of flash chronopotentiome-
try at polymer membrane ion-selective electrodes to measure total calcium [25],
introduction of new linkers for sodium selective potentiometric sensors [26].

For researching an ecological condition of objects of environment use ISE
measuring, which are serially issued, for example, "ELIS-121K", "ELIS-
112Na", "ELIS-121Ca", and comparative silver chloride electrodes standard or
with a double electrochemical key, for example, electrode “Esr-10101".

Ion-selective automated systems measurement of potassium, sodium
and calcium. To determine the concentrations of K, Na* and Ca®’ ions in the
electrolytes of body fluids, bioanalyzers and spectrometers of various designs
are mainly used, for example, Agilent 2100 bioanalyzer and Agilent 7500 ICP-
MS spectrometer (Hewlett-Packard), bioanalyzers DS-261, DS-401, BS3000M
(Dialab, Austria) and others. Specialized systems for measuring potassium using
an array of ion-selective electrodes controlled by a microcomputer [27], sodium
in a wireless ion-selective electrode system [28, 29], total sodium and potassium
in surface and groundwater using a flame photometer [30], for real-time ion
monitoring [31] and many others.

To ensure control of the concentrations of these chemical elements in the
investigated solutions, it is necessary to increase the reliability and accuracy of
determining their concentrations. Since the performance of electrochemical stud-
ies and determination of concentrations of chemical elements: sodium, potas-
sium, calcium, is the most relevant for the tasks of determining the quality of
drinking water, the task was to develop methods and algorithms for determining
these elements in drinking water.

The purpose of the paper is to develop a method and algorithm for process-
ing data measuring alkali and alkaline earth metal concentrations for a new elec-
trochemical method of analysis — chronoionometry, the principle of which is
based on the application of direct potentiometry on the device for inversion
chronopotentiometry.
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FUNDAMENTALS OF THE CHRONIONOMETRIC METHOD
OF DETERMINATION OF CONCENTRATION

The method of ionometry is based on the principle of potentiometric analysis,
according to which the measurement of the potential difference (electromotive
force — EMF) between the electrodes is carried out. The essence of the method
is to determine the activity (concentration) of ions in the mode of direct potenti-
ometry using measuring ISE and comparative silver chloride electrodes. During
operation, ISE selectively responds to a certain type of ions, and there is a linear
dependence of the EMF of the electrode system on the concentration of ions,
according to the Nernst equation [14].

Determination of the concentrations of the elements in the solution is car-
ried out by the method of calibration graph or additives of a standard solution of
ions of the element. The main disadvantage of the calibration graph method is
the significant complication of the process of reproducibility of the analysis re-
sults, which requires constant conditions for calibration, validation and meas-
urement of the ionic strength of the solution.

The method of additives is more reliable and accurate. Depending on the
type of processing of the results of ion concentration measurements, the standard
additive method or the Gran method are used [32]. The disadvantages of these
methods are the use in the formulas for calculating the concentration of the
steepness of the electrode function of the calibration graph, which requires its
prior careful construction or solution of certain transcendental equations. In
practice, the method of multiple additives (SBD) of a standard solution of ele-
ment ions with the calculation of concentrations by the Gran method using the
steepness of the obtained linear electrode function of the calibration graph and
the values of the mass of additives.

On the device for measuring the parameters of aqueous solutions [33], im-
plemented on the "Analyzer SCP", the process of determining the potentials by
chronoionometric analysis is performed as follows. During the measurement, an
electrolyzer with a sample solution is used, which is installed on a magnetic
stirrer, with constant slow stirring of the solution. At a speed of 4 KHz read the
values of potentials in the measurement cycle lasting one second for a given
period of measurement time T. In this case, in the first half of the cycle the sig-
nal is stored, and in the second half of the cycle the obtained values are proc-
essed and determined by the potential E in the cycle measurement. The obtained
values of E(t) in real time in the form of chronopotentiograms are displayed
(Fig. 1), which allows to monitor the process of determining the constant poten-
tial and allows to increase the reliability of determining the concentrations of
element ions in the sample solution.
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Fig. 1. Chronopotentiogram of potassium ion potential measurement

ALGORITHM OF DATA PROCESSING BY THE METHOD OF CHRONIONOMETRY

The developed algorithm consists of five steps: construction of a linear calibra-
tion graph at two points; measuring the potential in the sample solution; deter-
mination of the mass of the additive; measuring the potential in the sample solu-
tion with the additive and calculating the concentration by the method SBD.

To describe the features of the proposed algorithm, consider measuring the
concentration of potassium ions in a model solution of potassium chloride: a
standard solution of Cxc;= 1-10* M KCI mol /dm® with a concentration of potas-
sium ions Cx = 3.91 mg/dm’.

Step 1. Construction of a linear calibration graph at two points. When
determining the concentration by the method of multiple standard additives, the
calibration graph is based on two values of the extreme points of the ISE meas-
urement range. Thus, to determine the concentration of potassium ions Cg use
calibration solutions of 1:10° and 110> M KCI mol/dm’, measuring ion-
selective electrode and silver chloride electrode with a double electrolytic key.
During the time T =60 s, the chronopotentiogram E(t) is read and displayed.
According to the values of the potentials of the endpoints of the chronopoten-
tiogram, a calibration graph is constructed at two points to determine the concen-
tration of the KClI solution (Fig. 2).

The vertical line shows the maximum permissible value (MPV) of potas-
sium in drinking water (MPV = 20 mg/dm’, pK = -IgC = 3,29), which allows a
qualitative visual assessment of ion concentrations in the sample solution.

According to the calibration graph, the steepness of the electrode function S
of the linear dependence E = Eo + S * pC of the potential change from the ion
activity index pC =—Ig C is calculated.

For this example, the equation of the linear electrode characteristic (1) is ob-
tained in the form: E = 1046.2 - 53.75 - pK, the inverse linear equation will be:
pK=19.246 - 0.0186 - E.
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Fig. 2. The calibration curve for the two points

Step 2. Measurement of the potential in the sample solution. Perform
measurement of the constant value of the potential of the model solution
Ckcl = 1-10* M KCI with constant stirring for a given time of measurement
T and calculate the inverse equation of the electrode characteristics of the molar
concentration of the solution Cgc = 107 (mol/dm3), mass concentration
ion Cx=M- 10", where M is the molar mass of the potassium ion
(39100 mg/dm”), and reflect the sign "*" in Fig. 2.

For our example we obtain: sample potential Es = 850 mV; pK = 3.65,
which corresponds to the concentration of potassium ions Cx = 8.76 mg/dm’ and
the molar concentration of the model solution Ckc= 2.24- 10* M KCI. The result
of measuring potassium ions in the model solution according to the calibration
graph at two points was obtained with a significant relative error.

Step 3. Determining the weight of the additive. Based on the value of
Ckc determine the concentration of the standard solution and the corresponding
mass of the addition of ions of the element so that it was half-order or an order
of magnitude greater. For a model sample with a volume of 10 cm’ the concen-
tration of the standard solution of the additive will be Ckc = 1-10° M KCl,
which corresponds to the mass of the addition of potassium ions Mg = 391 pg.

Step 4. Measurement of the potential in the sample solution with the
additive. Add sample My standard solution of potassium ions to the solution and
determine the constant value of the sample potential with the additive, repeating
the measurement process for five additives, without changing the volume and
weight of the additive. If the potential values in the sample or the sample with
the additive are unstable, the measurement is repeated.

Step 5. Calculation of concentration by the method of multiple addi-
tives. According to the measurement results, the values of the potential differ-
ence between the potential are formed E,qq of the current additive and the aver-
age potential Eg of the sample: AE; = Eaqq4j - Es, which correspond to the increas-
ing values of the mass of the ion additive M; = M;.; + M in solution samples
with additives. The values of AE; and (—IgM;) are processed by the method of
least squares, the direct and inverse linear dependence of the potential difference
on the logarithm of the additive mass is obtained. According to the order of
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processing the results of measurements of concentrations by the method of Gran,
the obtained linear graph is extrapolated to the intersection with the abscissa and
determine the value (-lgMs), which corresponds to the initial concentration of
ion element Mg in the sample solution without additives. The graph of the linear
dependence of the potential difference from the logarithm of the mass for the
five additives is shown in Fig. 3.

The values of the additive mass M; are corrected by increasing them by the
value of the ion mass of the element M;= M; + Mg, to obtain the actual ion mass
when measuring the sample with the additive.

Calculate the concentration of ions of the element C; = M; / V according to
the values of the mass M; and the volume of the solution of the sample V (for
example, 0.01 dm?) for the sample Cs and the sample with the addition of Caddj-
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Fig. 3. Dependence of the potential difference on the logarithm of the mass for five additives
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Fig. 4. Electrode characteristic of potassium concentration measurement for five additives
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Using the measurement potentials Es, Exqqj and the values of Cg, Caqqj are
calculated by the method SBD, the coefficients of the forward and inverse linear
electrode characteristics of the measurement of element ions by the method of
multiple standard additives. The graph of the electrode characteristics for the
five additives is shown in Fig. 4.

For our example of measuring potassium ions with five additives, the elec-
trode characteristic will be written as: E = 1018.3 — 42.30 - pK, and the inverse
relationship will be: pK =24.071 — 0.0236 - E. The inverse relationship for sam-
ple potential Es = 850 mV the concentration of potassium ions will be
Ck = 4.01 mg/dm’, the molar concentration of the solution Cxc = 1,027-10* M
KCI. Thus, the result of measuring the concentration by chronoionometry by the
method of multiple standard additives was determined with a relative error of
2.7 %, which is much better than the result obtained by the calibration graph.

The algorithm for processing concentration measurement data by
chronoionometry has the ability to select specific potential measurements and
not take into account unstable potential values. Choose to calculate the concen-
tration of only the first three additives, then the dependence of the electrode
characteristic will be E = 1015.8 — 41.52 pK, and the inverse dependence
pK =24.464 — 0.0241 - E. The graph of the linear dependence by the Gran method is
shown in Fig. 5 and a graph of the electrode characteristics for the three additives is
shown in Fig. 6.

For the sample potential Eg = 850 mV concentration of potassium ions will
be Cx=3.91 mg/dm3 and the molar concentration of Cxc = 1.001-10* M KCL.
The result of measuring the concentration by the method of chronoionometry
with three additives was determined with a relative error of 0.1%, which is better
than the previous results.

AE. mV

- —IgM

Fig. 5. Dependence of the potential difference on the logarithm of the mass for three additives
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Fig. 6. Electrode characteristic of potassium concentration measurement for three additives

Performing measurements by the method of multiple standard additives im-
proves the controllability of the analysis results, increases the reliability and
accuracy of determination of concentrations.

IMPLEMENTATION OF THE ALGORITHM IN INFORMATION TECHNOLOGY
AND CONCENTRATION MEASUREMENT DEVICES

To measure the potentials, a high resistance was added to the reading channel
and an auxiliary chlorine-silver electrode with a double electrolytic key was
developed, which showed better characteristics for the CHI method compared to
the electrode "Esr-10101".

The analytical system "Analyzer SCP" includes a total of five electrochemi-
cal research methods: the

- stripping chronopotentiometry (SCP),

- pulse stripping chronopotentiometry (PSCP) [4],
differential pulse stripping chronopotentiometry (DPSCP),
oxidative pulse stripping chronopotentiometry (OPSCP),
chronoionometric method (CHI) [33].

The developed data processing algorithm for the new chronoionometric method
of analysis is implemented in the form of a subsystem, which has become an integral
part of the information technology software of the device "Analyzer SCP".

The results of measuring the concentrations of chemical elements by the method
of chronoionometry and auxiliary parameters: the value of ion activity to determine
their relationship with the concentration of elements at points in the measurement
range and other ISE parameters; coordinates of calibration points of calibration graphs
of ISE — all these values are stored in the general database of information technology
that considerably accelerates adjustment of the device before the beginning of
meaurement of concentrations.

The main window of the subsystem for determining concentrations by the
method of chronoionometry is given in Fig. 7.
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Fig. 7. The main window of the program for determining the concentrations of chemical elements by
chronoionometry (Calibration curves for measuring calcium)

The subsystem implements two approaches to determining concentrations by
chronoionometry:

1. The method of calibration graph.

2. The method of reusable standard additives.

The use in one device of determining the concentrations of toxic elements by the
methods of SCP, PSCP, DPSCP, OPSCP and the new method CHI allows to signifi-
cantly expand the number of chemical elements analyzed. At the same time, for the
method of chronoionometry the clarity of the research is increased, the control of the
measurement stability is improved by taking into account the statistically large number
of potential values read from the ISE. The calculation of the electrode characteristic by
the method of multiple standard additives and its display together with the calibration
graph, as well as the ability to select the required potentials of the additive to calculate
concentrations, all significantly improves the process of measuring concentrations
compared to existing technologies in ionometry.

The use of these methods allows the "Analyzer SCP" to measure the concentra-
tion of 17 chemical elements (Hg, As, Pb, Cd, Cu, Zn, Sn, Ni, Co, Se, Mn, I, Cr, Fe,
K, Na, Ca) in the environment and in drinking water. The use of the CHI method al-
lows to determine the content of K, Na and Ca without sample preparation, which
significantly increases the expressiveness and ease of analysis of these elements.

The results of measuring the concentrations of chemical elements and auxiliary
parameters of the CHI method: the value of ion activity to determine their relationship
with the concentration of elements and other parameters of ISE; the coordinates of the
calibration points of the calibration graphs of the electrodes are stored in the general
database of the device, which significantly speeds up its adjustment before the meas-
urement of concentrations. At the same time, the visibility increases and the control of
measurement stability is improved by taking into account a statistically large number
of potential values read from the electrodes.
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The calculation of the electrode characteristic by the method of multiple
standard additives and its display together with the calibration graph, as well as
the ability to select the required additive potentials for calculating concentra-
tions, all significantly improves the measurement process compared to existing
technologies in ionometry.

To determine the concentrations of K", Na®, Ca*" ions in water, methods for
measuring chemical elements have been developed, confirmed by patents: a
device for determining the concentration by CHI [33], a method for determining
calcium in aqueous solutions [34], sodium [35] and potassium [36]. These meth-
ods have significant scientific value for the development of electrochemical
methods of analysis, and can also be used in chemical technology, biotechnology
and environmental analysis.

The effectiveness of the described chronoionometric method for determin-
ing the concentrations of trace elements potassium, sodium and calcium in
drinking water is proved by comparison with the characteristics of analytical
systems developed in other countries.

ANALYSIS ACCURACY ALGORITHM MEASUREMENT OF CONCENTRATIONS
HRONOIONOMETRYCHNYM ANALYSIS METHOD

In accordance with hygienic standards, assessment of safety and quality of drinking
water is carried out according to epidemic safety indicators, sanitary-chemical and
radiation indicators. The main principle of practical implementation of chronoiono-
metry methods in determining the quality of drinking water is that the measurement
should provide a reliable determination of the concentrations of chemical elements
below the maximum allowable concentrations of MPV.

Table 1 shows the normative values of the MPV in Ukraine for chemical
elements and ranges of measurement of concentrations, according to the meth-
ods of measurement in water: 1 — tap; 2 — from wells and catchments of
springs; 3 — packed up from filling points, ditches; 4 — water of the central
drinking water supply; 5 — water of non-central drinking water supply.

At low levels of physiological value of the mineral composition of drinking
water (below the minimum limit of optimal value) packaged drinking water (at
bottling points) can be treated, but within the limits specified in Table 1.

In the process of preparation of methods for measuring potassium, sodium and
calcium ions in water, a study was conducted and the relative errors of concentration
measurements were calculated for the series of additives to model solutions, which
indicate the accuracy of concentrations by chronoionometry (Table 2).

According to the above data, the relative measurement error of the concentration
of potassium, sodium, calcium ions in water is in the range of values from 2.4 % to
16.4 %, which is less than the normalized relative measurement error of 20 %.

Methodological support for measuring the concentrations of potassium, so-
dium, calcium ions by chronoionometric method in cooperation with the Interna-
tional Research and Training Center for Information Technologies and Systems
of NAS of Ukraine and MES of Ukraine and the National University of Life and
Environmental Sciences of Ukraine [37].
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Table 1. Sanitary and chemical indicators of safety and quality of drinking water

Maximum concentration limit Optimal Measurement
for drinking water value ranges
Element (mg/dm*), no more than within®, | "Analyzer SCP"
1 oD 3D 49 52 mg/dm’ mg/dm’
Potassium (K) - - - - 20 2-20 0,4 -3900
Sodium (Na)¥ | 200 - 200 200 200 2-20 2,3 —2300
Calcium (Ca) - - 130 - 130 25-175 0,4—-4100
Notes:

Y DSanPiN 2.2.4-171-10 "Hygienic requirements for drinking water intended for human
consumption"

2 DSTU 7525: 2014 Drinking water. Requirements and methods of control (water of central-
ized and decentralized drinking water supply)

» Optimal values of indicators of physiological completeness of mineral composition of
drinking water

 Substances of the II class of danger (degree of danger to the person of chemical substances
polluting water depending on their toxicity, limiting signs of harm and the ability to cause adverse
long-term effects)

Table 2. Parameters and errors of measurements of elements in model solutions

Results
No Set concentration ) Relative
samples Measured concentration error
mol/dm’ ng/cm’ mol/cm’ pg/em’ %
1 2 3 4 5 6
Potassium (K)
KCl K’ KCI K' 2.7
1 0.0001 391 0.0001027 4.01 2.7
2 0.001 39.1 0.001052 41.1 52
0.01 391.0 0.00889 347.6 11.1
Sodium (Na)
NaCl Na® NaCl Na"
1 0.0001 2.3 0.000111 2.55 11.0
2 0.001 23.0 0.001024 23.6 24
0.01 230.0 0.00836 192.2 16.4
Calcium (Ca)
CaCl Ca” CaCl Ca’*
1 0.0001 4.008 0.0000962 3.85 3.8
2 0.001 40.08 0.001077 432 7.7
3 0.01 400.8 0.00880 352.8 12.0
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Potential consumers analytical system "Analyzer SCP" are:

- control and diagnostic laboratories Ministry of Agriculture, Ministry of
Health, Ministry of Environment and Natural Resources,

- laboratories of quality and certification of agricultural products,

- control and production laboratories of food industry enterprises,

- centralized water supply laboratories,

- educational and scientific chemical and ecological laboratories of educa-
tional institutions,

- laboratories of product quality.

The proposed technology for measuring the concentrations of potassium,
sodium and calcium in water can be used to determine the concentrations of
electrolytes in the study of body fluids (whole blood, serum, plasma, urine).

CONCLUSIONS

The main principle of practical implementation of chronoionometry methods during
toxicological research is reliable measurement of potassium, sodium, calcium ions in
determining the safety of drinking water and human quality for the prevention of the
most common diseases, the use of biological fluids in digital medicine and study of
possibilities of improvement of methods of diagnostics of the person with use of re-
sults of the analysis of ions of other toxic chemical elements and connections.

Validation of the methodology and verification of the analytical system "Ana-
lyzer SCP" showed that they fully meet the technical and regulatory requirements
and are suitable for quantitative determination of the mass concentration of potas-
sium, sodium, calcium ions in drinking water and water of various natural origin.

The developed method of chronoionometric measurement of ions in differ-
ent media can be extended to other chemical elements: fluorine, chlorine, ni-
trates, ammonium and other inorganic and organic compounds for which there
are ion-selective electrodes.
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IOHOMETPUYHMIT METO/] BUSHAUEHHS KOHLIEHTPALIIIA
MIKPOEJIEMEHTIB YV JIOCJI/DKEHHSIX IU®POBOI MEAULIMHUA

Beryn. BukoprcranHs 10HOMETPUYHHUX METOJIB XIMIYHOTO aHAJi3y JIa€ 3MOTY IIBHJIKO BH-
3HA4YUTH O€3MEeYHICTh NUTHOI BOJU Ta KOHLEHTPALIii €JIeKTPOIIiTIB O10IOTIYHUX PiAMH OpraHi-
3MY Y JTOCJIJDKEHHSIX HU(PPOBOT MEAMIIUHH.

Merta cTaTTi — po3poOUTH aIropuT™M 00pOOIEHHS JaHNX BUMIPIOBaHHS KOHIIEHTpAIiil

JYXKHHUX Ta JY)KHO3EMEJIbHUX METalliB HOBUM €JICKTPOXIMIYHMM METOJIOM XPOHOIOHOMETPIi,
OCHOBaHMM Ha BHUKOPWCTaHHI MPUHIHUIIB IPSIMOI MOTEHIIOMETPIl Ta 10H-CENCKTUBHUX €IIeK-
TPOIB Ha MPHJIAJIi IHBEPCIIHOT XpOHOIOTEHIIIOMETPIi.
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MeToau. 3riiHO 3 aNTOPUTMOM Ha IIpWIaJi 3YUTYIOTh NOTEHIiaI! y Jaci 3i IBUAKICTIO
4 KI'1, BU3HAYAIOTh CTalle 3HAYCHHS MOTEHIIANTY Ta BUBOAATH TPadik XpOHOMOTEHI[IOrpaMu
JUISL KOHTPOJIIO CTabNBbHOCTI. 3a JIiHIHHOIO 3aJIeKHICTIO Pi3HULI NOTEHLialiB Bif Jiorapupma
MacH 100aBOK 3HaXOAATh Macy eJIeMEHTa Y PO3UrHi MpoOu Ta BU3HAYAIOTH 3HAYECHHS KOHIIE-
HTpalill elleMeHTa 3a eIeKTPOJHOI0 XapaKTEPUCTUKOIO.

PesysabTaT. P03po0ieHO MeTOJi XpOHOIOHOMETpii Ta TPOBEACHO TECTYBaHHS Ha
npuiiaji iHBepciiiHoi XpoHonoTeHuioMeTpii «AHamnizarop IXII» BuzHaUeHHsS KOHLEHTpaLii
KaJIiro, HaTpilo Ta KaJIbLII0 B MOJEJIBHUX BOJHUX PO3YMHAX. AHAJIITUYHA CUCTEMa «AHai3a-
top IXII» BKIItOYA€E M ATh €IEKTPOXIMIYHUX METOJIB JOCIIKEHHS: METO]] iHBEPCIHHOI Xpo-
HonoTeHIiometpii SCP (stripping chronopotentiometry); immynascHuid Metonq PSCP (pulse
SCP); nudepenuiiinuii immynscauii Mmeron DPSCP (differential pulse SCP); okucnroBanbHui
immynecauit Meton OPSCP (oxidative pulse SCP); xponoioHomerpumunuii meron CHI
(chronoionometric method). Anroput™M 0OpOONEHHS NaHMX BHUMIPIOBAHHS KOHIICHTpALii
METO/IOM XPOHOIOHOMETpIi HaJla€ MOJIMBICTh BUKOHYBaTH BHOIp KOHKPETHHUX BHMIpIOBaHb
MOTEHIIIATIB Ta HE BPaxOBYBAaTH HecTaOlIbHI 3HAYCHHS. BUKOHAHHS BHMIipIOBaHb 3/iHCHIO-
€THCS IUISIXOM 0araTopa3oBUX CTaHIAPTHUX J00aBOK I 3a0€3MEeUeHHS] KOHTPOJILOBAHOCTI
pe3yJbTaTIB aHATI3Y.

BucHOBKH. 3apONOHOBaHUI METOM XPOHOIOHOMETpIi IOKpaIly€e HA0YHICTh Ta KOHT-
pOJb CTabIBHOCTI BUMIPIOBAHHS MMOTEHIIATIB, J]a€ 3MOTY BHOpAaTH KOHKPETHI 3HAYCHHS
J1I00aBOK JUI pO3paxyHKY KOHIIEHTpAIIiif, 0 MiJBUIY€E HAAIHHICTh Ta TOYHICTH BUMIPIOBaH-
HSl KOHIICHTpALliil XIMIYHUX €JIEMEHTIB, PO3IIUPIOE PYHKI[IOHAIBHI MOXKIIMBOCTI ITPHUIIaLy st
IHBEpPCIHOT XpOHONIOTEHLIOMETPIi Ta pOOUTH Hioro OLIBII yHIBEpCATILHUM.

KirouoBi ciioBa: MeTos i0HOMETpii, KOHIIEHTpAllisl, 10H-CEIEKTUBHI €JIEKTPOIH, iHBEepCiiiHa
XPOHONOTEHLIOMETPis, SIKICTh TUTHOI BOJIU, HU(PPOBA MEIUIMHA.
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TECHNOLOGY OF INTELLIGENT CONTROL OF UNMANNED
AERIAL VEHICLES MONITORING IN THE AIRSPAGE
USING 5G CELLULAR NETWORKS

Introduction. The increasing number of unmanned aerial vehicles (UAVs) in the airspace, as
well as the imperfection of the regulatory framework for the regulation of their activities,
poses numerous challenges to regulators. This work proposes the development of intelligent
technologies and soft-/hardware systems combined with state of the art 5G cellular networks
for solving problems of UAV registration and monitoring.

© ODARCHENKO R.S., VOLKOV O.Ye., SIMAKHIN V.M., GOSPODARCHUK O.Yu., 2020
44 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 4 (202)



Technology of Intelligent Control of Unmanned Aerial Vehicles Monitoring in the Airspace

The purpose of the paper is to analyze the state of the UAV market and related legislation in
the world and Ukraine; to develop the technology for intelligent control of UAV monitoring using
cellular networks, to prepare guidelines for the implementation and application of the system.

Methods. The methods of data transmission in 5G networks and construction of global distrib-
uted loT networks for the implementation of monitoring technology, methods of data analysis and
detection of anomalies for the study of events occurring in the UAV network were used.

Results. The technology of intelligent monitoring of UAVs with the use of a modern 5G
cellular network was developed. The use of the fifth generation network provides high data
transfer speeds with ultra-low latency and meets all the necessary security requirements. The
technology of intelligent control of UAV monitoring consists of separate methods, which are
executed in the monitoring center, data processing center and in the supervisory control and
data acquisition system. The use of cellular base stations for primary data processing and
filtering speeds up the events processing in the UAV network.

Conclusions. The results of the work can be used by civil aviation regulators for moni-
toring the usage of airspace by unmanned aerial vehicles, as well as for prevention of casu-
alties and emergencies.

Keywords: information technology, monitoring system, registration system, unmanned aerial
vehicle, 5G network.

INTRODUCTION

The total market value of unmanned aerial vehicles (UAVs) in the world is esti-
mated at 19.3 billion US dollars and is expected to reach 45.8 billion by the year
2025. The markets of North America and Asia are the most developed and ex-
pensive (Fig. 1). Depending on the application, the UAV market is divided into
military, commercial, government, law enforcement and consumer segments.
Currently, the military market is the most technologically advanced the largest
in terms of sales, but the least accessible for the consumers. According to fore-
casts, the commercial market segment will grow at the maximum average annual
rate. This can be explained by the expansion of the range of UAVs application
for various commercial purposes, such as product delivery, monitoring, land
surveying, cartography and remote sensing.

UAY MARKET, BY REGION (USD BILLION)
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Fig. 1. UAV market by macro-regions of the world [1]
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Ukraine ranks 27th in the world by the variety of UAV models, but domestic
production is only 7 % of the total quantity. At the same time, almost 90 % of all
UAVs are purchased in China, the United States and Israel. Today, the undisputed
market leader is the Chinese company DJI, which owns more than 70 % of the
global consumer market and more than 80 % of the Ukrainian market [2].

UAV safety is one of the most important tasks that require reliable solu-
tions, given the active use of UAVs in business and in everyday life. The intro-
duction of advanced information technologies into the industry plays a signifi-
cant role in its development. According to the Strategic Plan for the Develop-
ment of Air Transport in Ukraine, the priorities include ensuring the safe opera-
tion of UAVs, as well as the implementation and supervision of compliance with
the Aviation Rules of Ukraine for the operation of UAVs. One of the compo-
nents of supervision is the registration and storage of information about the
owner, place and date of purchase, the serial number of the device etc.

An increase in the number of UAVs of different types in the airspace will
inevitably lead to its overflow. It is necessary to apply fundamentally new ap-
proaches to UAV monitoring to prevent accidents that could lead to aircraft
crashes and further casualties. One of the possible options is constant tracking of
UAV movements in the air, though an important disadvantage of this approach
is the significant energy costs for constant determination and transmission of
coordinates. A promising way to solve this shortcoming is the use of 5G cellular
networks, the functional features of which are suitable for use in UAVs.

FORMULATION OF THE PROBLEM AND RESEARCH OBJECTIVES

The airspace of Ukraine is defined and established by the standards of the international
organization I[CAQ, the documents of the international organization Eurocontrol, the
Regulations on the Usage of Airspace of Ukraine and the Air code of Ukraine [3].
Permission and conditions for the use of airspace are issued by the bodies of the joint
civil-military system of air traffic control based on an application for the use of air-
space, excluding cases as provided by the Air Code of Ukraine.

UAVs present a wide range of hazards for the civil aviation system [4] and
these hazards must be identified and eliminated [5]. All ICAO member countries
must comply with the relevant laws authorizing the usage of European airspace
and establishing the conditions for its use by the civil-military air traffic control
system based on applications for the use of airspace. According to the ICAO
Chicago Convention [6], all UAVs, regardless of whether they are remotely
manned, fully autonomous or mixed, are subjected to the provision of Article 8,
which concerns obtaining a special service release. According to Article 31,
each UAV must have an airworthiness certificate.

Among the various favorable technologies for the registration and monitoring of
UAVs, wireless communication is important and has attracted considerable attention
in recent years [7]. Indeed, many studies around the world are now exploring the pos-
sibilities for servicing commercial UAVs with cellular networks. Manufacturers of
cellular networks are testing prototypes of unmanned base stations (UBSs), while
research institutions are studying and developing mathematical and algorithmic solu-
tions to solve new problems that arise with the development of UBSs. In [8] similar
developments and their influence on the integration of UAVs into the cellular network
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are analyzed. Proceedings [9-11] are devoted to the analysis of wireless technologies,
new opportunities and challenges of these technologies when using communications
with UAVs; in [12—13] the improvement of the fourth-generation cellular networks
(LTE) was carried out to increase the efficiency of UAV operation; in [14] an over-
view of unresolved problems in UAV communications is carried out.

To optimize existing and build new wireless remote registration and UAV
monitoring systems with 4G and 5G cellular networks, it is necessary to develop
methods that will improve the performance of cellular communication networks
so that they can meet the necessary criteria in urban conditions. It is also neces-
sary to ensure the introduction of new and support for existing mobile systems
that should meet the requirements of modern network architecture, create effec-
tive traffic management tools and ensure a sustainable service quality indicator.

Communication is one of the key issues in creating a UAV monitoring system.
The fastest possible transmission of information with minimal delay and high reliabil-
ity of data delivery are required. That is why universal coverage of modem cellular
networks should be carried out in Ukraine to properly support radio access technolo-
gies. Under these conditions, 5G cellular communication technologies can signifi-
cantly improve the quality of the main criteria required for UAV monitoring.

The purpose of the paper is to analyze the state of the UAV market and re-
lated legislation in the world and Ukraine; to develop the technology for intelli-
gent control of UAV monitoring using cellular networks; to prepare guidelines
for the implementation and application of the system.

UAV MONITORING SYSTEM ARCHITECTURE

The monitoring of objects is usually defined as the systematic accumulation and
processing of information about the state and dynamics of changes in the pa-
rameters of the analyzed object or process, and the presentation of results in a
form convenient for the supervisor. Monitoring systems combine hardware and
software, and wired or wireless data transmission technologies are used for their
interaction. Observing dynamic objects, such as UAVs, is quite a challenge,
especially outside densely populated areas, as the transmission of information
about the condition and location of the aircraft can be difficult. With the provi-
sion of sufficient coverage of the territory by cellular networks of the fourth and
higher generations, the problem of data transmission is minimized.

In general, the monitoring system using cellular networks consists of a moni-
toring center, supervisory control and data acquisition system (SCADA), base
stations (BS) of cellular networks and UAV networks (Fig. 2). The main monitor-
ing center contains a separate data processing center (DC), which receives infor-
mation, and means for presenting information to monitoring operators. SCADA
performs data acquisition and analysis in real-time or in time close to it. Informa-
tion is processed as it is received and, most importantly, it is aggregated from all
levels and sources. Data transmission is performed through cellular networks. BS
gNB (Next Generation Node B) provides coverage and wireless data transmission.
To communicate with gNB stations, UAVs must be equipped with appropriate
transmitters that support 5G cellular network standards.
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Fig. 2. Implementation scheme of UAVs’ monitoring system using cellular networks

The monitoring system analyses UAV’s position and detects violations of
the airspace, unsafe head-on approaches and other scenarios of aircrafts unau-
thorized usage. Counteracting to the occurrence and, if possible, liquidation of
the infringement consequences includes the continuous monitoring of potentially
dangerous locations and objects to take necessary actions towards consequences
liquidation; taking necessary actions for fighting with possible violations conse-
quences; fast response on infringements with the help of aircraft; the formation
of the possible swift actions, their dispatching, synchronization and maneuvering
of resources of the control dynamics [15, 16].

The concept of a developed method of monitoring and responding to the in-
fringements in the UAV network is based on the following steps (Fig. 4):

1. An event E|, ..., E; of a certain type occurs. It could be an accidental
(", ..., Vy) or purposeful violation (V1 ..., IV,).

2. Information regarding events are transmitted on specialized allocated BS
gNB.

3. Base stations compare received information with respective templates,
conditions and areas of airspace. Afterwards information regarding purposeful
violation IV, ..., IV, is transmitted to SCADA (Fig. 3).
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Fig. 3. Transfer of information about events into BS and SCADA
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Fig. 4. Algorithm of the proposed monitoring method
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4. Based on a set of rules for responding to the infringement SCADA de-
cides on how it is necessary to react.

5. After processing the violation, SCADA exchanges information with the
UAYV monitoring center, where information regarding violation V1, ..., IV, is
stored in DC and is given to the monitoring operators.

gNB base stations collect data about every event in the UAV network,
caused by both purposeful 7V, ..., IV., as well as accidental 1V, ..., IV, actions.
Infringement premeditation is defined by a comparison of the event parameters
with the respective templates.

After this simultaneously the set of objects 0, which are possibly affected
by the infringement (block 1)

0={ac=1ad0, }={0,,0,,..0,,},(ac=1,ad)
is being defined, and the set of extrapolation rules (block 2)
R={ab=1agR,}={R R, ..R,,} (ab=1ag)

is being formed, which allows estimating the potential influence of infringement
on airspace objects.

Determination of the influence degree of infringement (block 3) is con-
ducted by the formula:

1, =2 pi=The,

bc

20

bi=1

where Q,. is the comparative importance coefficient, which is calculated by the
formula:

bc
O, = Zabz"xbibj’bl =1bc,
bi=1

where x,, is the value of bi-th criteria of violation type bj; a,, is the impor-

tance of the bi -th criteria.
SCADA system response on the infringement is carried out according to the
set of rules (block 4)

L={i=1nL}={L,L,,.L,}.

In the case when SCADA is capable to positively resolve the violation, it
sends the necessary commands back to the violator and stores the respective
information in DC. In the other case, when SCADA is unable to resolve the
violation, it sends information to DC and monitoring operators. After a success-
ful response to the infringement, its information is stored and the set of such
infringements (block 5)

I={ia=1nal, }={11,,.1,}

1s formed.
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IMPLEMENTATION AND APPLICATION OF THE SYSTEM

In the absence of UAV built-in cellular communications, it is necessary to develop a
specialized device for the implementation of the proposed system. Such a device must
be universal and capable of connecting to any type of UAV. Size variability will be a
significant problem when developing a device, but for most models, a universal solu-
tion is possible, and mini- and micro-drones will require separate equipment or soft-
ware reprogramming.

For registration, the buyer must confirm his identity with a passport or other rele-
vant documents. After getting acquainted with the conditions of UAV use and the
country’s legislation on airspace, the first stage of registration takes place. The second
stage occurs during the first activation of the UAV. When buying a UAV in official
stores, the seller will be required to register the buyer and create an entry in the register
of the Monitoring Center for the purchased device. The record will contain informa-
tion about the passport data of the buyer and the place of purchase. At the first activa-
tion of the UAV, the software and/or hardware of the developed system is started.

|
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Fig. 5. Implementation of the UAV monitoring and registration center
with compliance to the 5G network architecture
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It sends a signal to the primary server that contains the UAV serial number
(IMEI), the date and place of activation, and additional telemetry information.
On the server-side, the information for each UAV is combined based on a
unique serial number and stored during the operation of the device. If the owner
has disconnected the registration and monitoring device himself, he must be held
responsible following the adopted legislation.

According to the model of the monitoring system (Fig. 5), the UAV sends the
signal to the BS, where it is immediately sent to the local SCADA center, and
from there to the UAV monitoring center, where they are analyzed and stored.

The monitoring and recording device sends a signal with a frequency of 5 s,
which is a sufficient interval for tracking UAVs during the flight. During the full
flight, the device consumes 1000 times less charge than the average battery
charge, i.e. the flight time is reduced by 0.1 %, which can be neglected. How-
ever, much more effective from a software and hardware point of view would be
the development of a monitoring and registration system integrated into the on-
board equipment of the UAV.

If a violation occurs, the UAV sends a normal signal, which is distinguished as
a violation directly in the BS and then, if necessary, is transmitted to the DC for
storage. After the detection and registration of the infringement, the aftercoming
actions depend on the internal regulations of the country. Among the possible op-
tions, there are a fine, a seizure of UA Vs, calling of law enforcement officers.

CONCLUSIONS

The work is devoted to solving the problem of UAV monitoring and registration. The
provisions of the documents on unmanned aerial vehicles were considered and it was
concluded that in these documents the issue of registration and monitoring is in the
initial stages of its solution, there is no clear and unanimous vision of a potential solu-
tion to the problem. As shown in the paper, if this problem is not solved, then UAVs
can be used for criminal purposes and cause damage to people or property.

Therefore, in order to solve this problem, the possibility of using a new genera-
tion of cellular networks to ensure the registration and continuous monitoring of
UAVs was considered. As a result, a modern 5G cellular network was chosen for the
development of the communication system. This network has a high data rate with
ultra-low latency and is the most advanced of all existing alternatives. The paper also
proposed new technology for intelligent control of UAV monitoring, which consists
of a monitoring center, a data processing center and the supervisory control and data
acquisition system. The use of cellular base stations speeds up the processing of events
in the UAV network with the help of filtering. The proposed monitoring system can
provide the highest level of safety when using UAVs.

The results of the work can be used by civil aviation regulators to monitor
the use of airspace by unmanned aerial vehicles, as well as to prevent casualties
and emergencies.
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MixxHapoaHUI HayKOBO-HaBYAIbHUI LIEHTP

iH(pOpMAIIITHUX TEXHOJIOTIH

ta cucteM HAH ta MOH VYxpainan,

40, ip. Axan. I'mymkosa, 03187, m. Kuis, Ykpaina

TEXHOJIOT'LA 40, IHTEJIEKTY AJIbHOT'O KEPYBAHHA MOHITOPMHI'OM
BE3IIJIOTHUX JIITAJIBHUX AITAPATIB V IIOBITPAHOMY ITPOCTOPI
3 BUKOPUCTAHHAIM CTIUVIBHUKOBUX MEPEX 5G

Beryn. 3poctanHs KiTbKOCTI 0€3MUIOTHHX JTiTAIbHUX anapatiB (brnJIA) y noBitpsHOoMy nipocTopi,
a TaKOXX HEJIOCKOHAIICTh HOPMATHBHO-TIPABOBOI 0a3W IMIONO PETyJNIIOBAHHS IXHBOI JISUTBHOCTI,
CTaBUTh YMCIICHHI 3aBJJaHHS IIepe]l perysropamu. B poOoTi pornoHyeThest po3poOIIeHHs iHTese-
KTyaJIbHUX TEXHOJIOTIH Ta IIporpaMHO-arapaTHIX CUCTEM Y HIO€THAHHI 3 HaJICYYaCHUMU CTiIbHU-
KOBUMH Mepexamu SG 171 po3B’si3aHH 3aBJIaHb PeecTpallii Ta MOHITOpUHTY BriJIA.

MeTa CTaTTi — MpoaHali3yBaTH CTaH pHHKY BIJIA Ta 1MOB’S3aHOTO 3aKOHOJABCTBA Y
CBiTI Ta YKpaiHi, pO3pOOHTH TEXHOJIOTIIO IHTEJIEKTYaJIbHOTO KEPYyBaHHS MOHITOPUHIOM
BrJIA 3 BUKOpHCTAaHHSM CTiIIBHUKOBHX MEPEXK, MiIOTYBATH BKA31BKH MO0 IMIUIEMEHTAIIIT
Ta 3aCTOCYBaHHS CHCTEMH.

Metomu. B po6oti BUKOpHCTaHO METOIM Tiepesiadi JaHux y Mepexkax 5SG 1 moOynoBu riiobda-
JIBHHUX PO3IMOJIVICHUX MEPEeXX IHTEpHETYy peded IUIs peati3allil TEeXHOJOTl MOHITOPHHTY, METOIN
AHAJTI3Y JTAHKMX Ta BUSBJICHHS aHOMAJIH TSl JIOCITIIKEHHS TIOJIiH, 1110 BUHUKAIOTh y Mepexi BriJTA.

PesysbTaTu. 3 METOIO pO3B’s3aHHS IPOOJIEMH MOHITOPUHTY Ta peectpauii briJIA npo-
QHAJII30BAHO MOXKJIMBICTh BHKOPHCTAHHS CTUIEHMKOBHX MEPEX HOBOTO IOKOJIIHHS I 3a-
OesmneueHHs peecTpaii Ta 6e3nepepBHOro MoHiTOpuHTY BriJIA. Sk pe3ynbrar, Uit po3BUTKY
CHCTEMHU 3B'13Ky OyJI0 BUOPAHO CydyacHy CTUIBHUKOBY Mepexy 5G, sika € HailOiibi mporpe-
CHBHOIO CepeJl YCiX Cy4acHHX abTCPHATHUB.

P03po0seHO TEXHOJIOTII0 1HTENEeKTyaTbHOr0 MOHITOPUHTY BrJIA 3 BUKOpHCTaHHSAM Cy-
YyacHOI CTUTLHUKOBOT Mepexi 5G. BukopucTanHs Mepexi I1’SITOro MOKOJIIHHS HaJla€ BUCOKY
MIBUJKICTh Mepeiadi JaHWX 3 HAJHU3bKOK 3aTPUMKOI0 Ta 3aJI0BOJIBHSE BCIM HEOOXiTHHM
BUMoram Oe3neku. TeXHOIIOTis IHTeNeKTyalIbHOTO KepyBaHHs MoHiTopuHroM briJIA ckiana-
€TBCS 3 OKPEMHX METOJIB, SIKi BUKOHYIOTHCS B IIGHTPI MOHITOPHHTY, LIEHTPI 0OpOOJICHHS
JAHUX Ta B CHCTEMi JUCHETYEPCHKOr0 KepyBaHHs Ta 300py AaHMX. BukopucTaHHsA 6a30BHX
CTaHII} CTUIBHUKOBUX MEpexX UL MEepPBUHHOIO 0OpoOIeHHs Ta (GinbTpaliil JaHUuX MPUIIBU-
Jurye oopoOieHHs noxiil y mepexi briJIA.
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BucHoBku. Bukopucranus 0a30BUX CTaHLIN CTIIbHUKOBUX MEPEXK HMPHUIIBHUIIIYE 00-
pobinenns noxiit y mepexi BriJIA muaxom ¢inbrparnii. 3anponoHoBaHa cucTeMa MOHITOPHH-
ry MOXe 3a0e3I1eYnTH HaWBUIIMH piBeHb Oe3MekH y pasi BukopuctanHs brJIA.

Pesynbratu po60TH MOXYTh OYTH BUKOPHUCTaHI PETYJISATOPHUMH OpraHaMH y Tay3i IU-
BIJIbHOT aBiallil 3 METOI0 KOHTPOJIIO 32 BUKOPHUCTAHHAM IOBITPSHOTO NMPOCTOPY OE3MiIOTHH-
MU arapaTaMu, a TAaKOX JUIs 3a1I00iraHHsS BUHUKHEHHIO HEIITATHUX Ta aBapiHUX CHUTYallil.

Knrwuosi cnosa: ingopmayiiina mexnonozis, cucmema MOHIMOPUH2Y, cucmema peccmpayii,
besninomuuil nimanvrull anapam, mepexca 5G.
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IMITATION OF COMPENSATOR AND ADAPTIVE PROCESSES
IN BIOSYSTEMS

Introduction. The functioning efficiency of any biosystem (BS), regardless of its hierarchy
level, depends on its adapt ability to changes in the environment or its state. Adaptive proc-
esses are implemented at the molecular, subcellular, cellular, tissue, organ, systemic and
organismal levels. This adaptation can occur with the help of various mechanisms, has dif-
ferent dynamic characteristics, be accompanied by different energy costs and be more or less
efficient. In this regard, it is expedient to identify as accurately as possible the type of adap-
tive process and assess its stressfulness for BS. In our opinion, such a classification can be
carried out by formal markers of adaptive processes (by graphs) using mathematical meth-
ods of their description.

The purpose of the paper is to develop a formalized classification of adaptive processes
types based on mathematical modeling of their dynamics.

Methods: structural and functional modeling using the approaches and mathematical
apparatus of the theory of automatic control, using differential equations, probabilistic ap-
proaches and graphical analysis.

Results. The structurally functional model of the adaptive process is presented as three
connected subsystems. The output process of the first subsystem is described by an exponen-
tial function with a constraint, of the second — a logistic (S-shaped) function, of the third —
their difference, i.e. unimodal curve.The operation of such a system is considered for differ-
ent ratios of the parameters of the transfer functions of the subsystems (conversion factors
and time constants). It is proposed to use the output function of this system as an identifier of
various types of adaptive reactions: adaptation, compensation, reparative regeneration and
a pathological process. Criteria for definition of such a distinction are proposed using inte-
gral and dynamic characteristics of mathematical models.

Conclusions. The proposed three-block diagram of the adaptive process makes it possi-
ble to perform its mathematical description in the simplest and most adequate form. Based on
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ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne4 (202) 57



Antomonov M. Yu.

the paradigm of one-to-one correspondence of the structure and function of the adaptive
process, it is possible to calculate the parameters of the subsystems involved in organizing
the systemic response in response to external influences using the actually recorded graphs
of thees adaptive processes. their conversion coefficients and time conctant. The systemic
representation of the biosystem work gives us the probabilistically represent the participa-
tion process of the constituent subsystems when an external influence changes (evolutionary
transformations). The developed criterion system allows, according to the graphs of the
dynamics of the output function of a real biomedical research, to determine the type of adap-
tive process, that is, to correlate it with specific biological mechanisms and to assess the
degree of its "pathology" for the biosystem.

Keywords: information technology, system approach, structural and functional modeling,
approaches to the theory of automatic control, differential equations, probabilistic methods,
graphic analysis.

INTRODUCTION

The functioning efficiency of any biosystem (BS), regardless of the level of the
hierarchy, depends on its ability to adapt to changes in the environment or its
state. Adaptive processes are implemented at the molecular, subcellular, cellular,
tissue, organ, systemic and organismal levels. This adaptation can take place
with the help of various mechanisms, have different dynamic characteristics, be
accompanied by different energy costs and be more or less efficient.

In biomedical terminology, which is most fully represented in pathological
physiology, the whole complex of adaptive reactions is called adaptive or com-
pensatory-adaptive processes. The history of their formulation and clarification of
differences in mechanisms lasts more than a century [1-4]. Currently, pathological
physiology distinguishes some stages: activation of the biosystems functioning,
relatively stable compensation and energy exhaustion (decompensation) [5].
Accordingly, in terms of severity (manifestation/ intensity), the processes are re-
ferred to as physiological adaptation, restorative (reparative) regeneration and
pathological regeneration. Pathological manifestations can manifest themselves in
various pathological processes: atrophy, hypertrophy, organization and rear-
rangement of tissues; metaplasia, etc. [6].

Consequently, based on the system concepts of the organization and function-
ing of the BS, we can say, that it is clear that processes can occur either with small
changes, during which the BS "independently" adapts to the changed conditions of
existence, or is forced to use mechanisms of interaction with other biosystems to
use their resources in order to compensate for violations of its functioning.

In fact, we are talking about the distinction between relatively natural and
acceptable for the body reactions from relatively "pathological" and much less
acceptable for the body response to external influences. In this regard, it is obvi-
ous that it is expedient to identify the type of adaptive process as accurately as
possible and assess its stressoriness for BS.

To our mind, such a classification can be performed according to the formal
markers of the dynamics of adaptive processes using mathematical methods of
their description.

The purpose of the paper is to develop a formalized classification of vari-
ous types of adaptive processes in biosystems based on mathematical modeling
of their dynamics.
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RESEARCH METHODS

As the main method for the formalized description of adaptive processes, we
will use structural and functional modeling using the approaches and mathe-
matical apparatus of the automatic regulation theory [7, 8].

In this case, we are guided by the basic postulate that any biological adap-
tive process can be characterized by a certain output function and a certain struc-
ture. Accordingly, its description can occur at the structural, functional or struc-
tural-functional level [9, 10, 11].

As a rule, in the course of biosystem adaptive reactions, certain structural
changes occur. The number of actively working subsystems changes, connec-
tions between them are broken or formed, redundant elements are connecting or
overloaded (faulty) elements stop working etc. All these structural changes, of
course, manifest themselves in a system output function change.

The mutual influence and connection between the structure and function of
the system seems to be so rigid that it makes it possible to unambiguously link
changes in the function of the system with changes in its structure. That is, an
adaptive change in the structure entails a change in function, a change in func-
tion indicates a change in structure. Consequently, the structure of the BS within
this approach can be judged by its function.

STRUCTURAL AND FUNCTIONAL MODEL
OF THE BIOSYSTEM ADAPTIVE RESPONSE TO EXTERNAL IMPACT

Let us consider the simplest structural-functional model of the adaptive response
of some BS in response to the action of some harmful environmental factor.

We will use the following assumptions.

1. Homeostatic functioning of any BS presupposes the existence of oppo-
sitely directed processes in it, capable of both increasing the values of the func-
tioning indicators and decreasing them.

2. To organize an adaptive response in each BS, it is necessary to assume
the presence of, at least, three subsystems that implement the mechanisms of
perception, regulation and transmission of a signal outside the BS.

3. The final adaptive response of the integral BS is the result of the interac-
tion of these three subsystems.

Thus, the structure of the studied bioprocess should be presented in the form
of, at least, three blocks. Moreover, the most adequate structure that meets the
formulated conditions is the block diagram shown in Fig. 1.

In Fig. 1, the used notation is traditional for the theory of automatic control.
Namely, W is the transfer function (operator of transformation "input — output"),
p is Laplace operator (p = d/dt).
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Fig. 1. Block diagram of a ring connection of three subsystems

Let us further assume that the first and second blocks are inertial links, and the
third is just an adder with a certain transformation coefficient &3, to which the signal
from the first block arrives with the “+” sign, and from the second one — with the “-”
sign. Then the transfer functions of these blocks will be written as follows:

(- ).

X(p) Tp+1

) [ k).
%(p)‘x(ﬁ)‘[npuj’
W, ()= Y, (p)

(o) -hip)

where k;, &, k; are conversion factors (amplification or attenuation) of signals arriv-
ing at the corresponding blocks, T;, 7, — time constants of the first two blocks.

Passing from the operator representation to the corresponding differential
equations, we obtain the system:

dy
T—L+y =kx;
U V1=K

dy
Tsz7+(T1 +T2)7t2+y2 =kk,x;

V3 =k3(y1—y2),

where x denotes an input signal (action).
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The solution to the system of equations is the following functions:

yl(t):kl){l—e_r‘}

T _r T _r
y2=k1k2x[l— Ll 42 eTZJ.

L-r n-1

Therefore, the representation of the output function of the entire system will
be written as follows:

[ _t r L 7 L
v =k,x kl[l—eTlJ—klkz{l—T lTeT‘+ E erzj -

ke x (1—k2)+eﬂ(wJ_eTz[ kT, H
L -1, T -T,

1 2

Graphs of all three functions are shown in Fig. 2.

Let's consider in detail the functions of these subsystems (blocks).

The first block is under the influenced and plays a barrier protective role. In it, bi-
otransformation (with a coefficient k) of the input signal (x) takes place into a form
adequate "for perception" by the entire system. Signal transmission into the biosystem
occurs with some inertia (determined by the time constant 77), which is a characteristic
of any biological process. The coefficient of transmission (conversion) has a value
determined by the strength of the action (x) of the external signal and the capabilities
of this subsystem. If the input signal is constant, the output function from this block is
an exponent (y; in Fig. 2) with an asymptote k; x.

Y

kv

Fig. 2. Output functions of the three-block structure links
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Thus, since the input of the second block receives not a constant, but an exponen-
tially increasing signal from the first block, the inertial processes of the second block
lead to an even greater "pulling” of the signal (3, in Fig. 2) and the transformation of
its output function into an S-shaped form (logistic function) with an asymptote deter-
mined by the coefficients of both blocks and the influence force (k k, x).

At the third, output block, mutual analysis and comparison of signals from
the first and second blocks takes place. Since they have different directions, they
are subtracted in the third block. In addition, on this block, the signal is ampli-
fied (or attenuated) with a coefficient k3 and is converted from codes "under-
standable" inside the BS to "outer codes".

All the regulatory mechanisms that implement the actual adaptive process
are combined by us in the second subsystem (block). The impact indirectly com-
ing on the third block through the first block seeks to bring its function beyond
normal homeostatic oscillations. External influence reaches the second block
also indirectly through the first block. In order for the second block to realize its
adaptive task, the signal that is generated on it must come to the summing third
block with a sign opposite to the signal from the first block. However, since
second block signal lags behind the function of the first block, in the third block
changes firstly develop until the opposition from the second block arrives.

If the signal gain in the second block is small compared to the gain of the
first block (ky < ki), this opposition can simply slow down the growth of the
system output function or transfer it to a stable stationary phase (y; in Fig. 3).

If the gain on the second block is close to the gain on the first block, then
the signal from the second block will inertially "extinguish" the first signal, and
the deviations of the resulting function from the initial state begin to decrease
until the system returns to initial state completely (3, in Fig. 3).

If k; > kj, then the protective forces are "stronger" than the influence. The
limiting stationary position of the output function can go into the negative half-
plane, and changes in the function of the entire system will acquire a sign oppo-
site to the initial changes (y; in Fig. 3). All these curves can be considered typi-
cal expressions of the adaptive process.

A

Fig. 3. Function of the adaptive process at different intensity of
"resistance" to the influence: y; if ky < ky; y, if kp= 1 y31f k> Iy
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Or, on the contrary, proceeding from the paradigm of the structure and function
relationship adopted by us, if an unimodal curve of the dynamics of the output func-
tion of the studied biosystem is observed in biomedical studies of adaptive processes,
then it can be considered that this process decompose into two components: an expo-
nential and an S-shaped function. Moreover, the exponential function reflects the
negative changes initiated by the impact, and the S-shaped function has the opposite
sign and characterizes the antagonistically directed compensatory-adaptive processes.

The corresponding structural and functional model of the process can be rep-
resented in the form of three blocks shown in Fig. 1.

Taking these provisions, one can admit the possibility of solving the so-called
inverse problem. Namely, according to the initial data obtained as a result of a spe-
cific biomedical study and reflected in the form of an unimodal curve (y; in Fig. 2),
it is possible to calculate the specific parameters of the output function. Since this
function includes the parameters of all three blocks (ky, k», k3, T, T»), the characteris-
tics of the constituent functions (y; and y») can also be considered definite.

From them you can get information about the operation of the first and second
subsystems, i.e. subsystems, information from which was not or could not recorded
directly during the study. For example, you can calculate the time constants 7} and
T, and get information about the "persistence" of the corresponding subsystems.

By putting real biological prototypes in correspondence with all three
blocks, it is possible to evaluate the qualitative and quantitative characteristics of
biosystems involved in the formation of an adaptive response.

PROBABILISTIC DYNAMIC MECHANISM OF ADAPTATION TO EXTERNAL IMPACT

In the process of adaptation of the biosystem to changing external influences,
they undergo successively a number of structural rearrangements. Each subse-
quent stage occurs, firstly, after the possibilities of the previous one begin to be
exhausted, and, secondly, it is accompanied by large energy costs.

The probability or degree of participation of elements and subsystems in the
work of a biosystem in the absence of impact can be characterized by a certain
distribution function. Let us assume that this spatial distribution of subsystems
obeys a normal law. Then the probability density curve of the participation of
subsystems in the work of the biosystem (their activity) in the norm can be rep-
resented in the form of a bell of normal distribution (Fig. 4a).

The process of adaptation to the impact begins with the mobilization of
those elements that, although they belong to the considered biosystem, but the
probability of their participation in its work in a normal state (without impact) is
rather small. As a result of the connection of these subsystems, the range of the
biosystem reaction norm is expanded, its ability to function normally under
changed external conditions increases.

The change in the nature of the distribution that occurs as a result of the
backup subsystems connection is shown in Fig. 4b. The bell of the normal dis-
tribution gets wider, the variance increases. The biosystem becomes capable of
functioning normally in a wider range of external conditions.

The next stage of adaptive rearrangements within a biosystem is character-
ized by the withdrawal from work of those elements whose work does not lead
to facilitating the system functioning. Graphically, it is expressed by the appear-
ance of some asymmetry in the distribution curve (Fig. 4c).
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y

X
Fig. 4. Change in the distribution of the subsystems participation
with an increase in external influence

A further change in the nature of the distribution with increasing influence,
apparently, is expressed by the displacement of the distribution curve along the
abscissa in the direction of increasing influence (Fig. 4d). Under the influence of
the factor, there is a change in the use of certain subsystems by the biosystem.
The greatest weight, the greatest probability of participation is acquired by those
subsystems, the connection of which contributes to the normal functioning of the
BS in the changed conditions. There is, as it was, a natural selection of the ele-
ments (subsystems) most beneficial for BS.

An example of such a structural reorganization taking place in real biosystems
is intraorgan compensation of kidney nephrons in nephrosclerosis: nephrons that
survived the destruction increase their function and hypertrophy. Similar structural
and functional rearrangements occur after surgical removal of the upper half of the
small intestine, when the secretion of the stomach and pancreas first increases
(Fig. 4b), and then their compensatory hypertrophy develops (Fig. 4c).

TYPES OF ADAPTIVE PROCESSES

The nature of the BS's response to an external impact is determined both by the
characteristics of the impact (the number and nature of the factors, their inten-
sity, mode and duration of action) and the reaction of the biosystem itself (the
number of subsystems reacting to this impact, their initial state, the specificity of
the action of a factor or their combination on reacting systems etc.).

The term "adaptation" is often used as a synonym for adaptive responses in
medicine and biology. Sometimes the concept of adaptation is identified with
the concept of protection, accommodation, sensitization, resistance, evolutionary
adaptability, functional mobility, changes in sensitivity etc.

If the possibility of the presence of different types of adaptive reactions is
allowed (assumed), then the concept of “adaptation” in medicine and biology is
often used as a synonym for the most “painless” adaptive process. In medicine,
the concept of "decompensation" is used for processes that are "more pathologi-
cal" in nature and are associated with a disease state. In toxicology in chronic
intoxication, it is customary to distinguish between four stages of responsive
adaptive processes occurring in the body, which successively replace one an-
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other with increasing exposure time: primary decompensation, physiological
adaptation, compensated pathological process, decompensated pathology. In
physiology, it is possible to differentiate adaptive processes into "norm", adapta-
tion, compensation, reparative regeneration, "pathology".

However, no matter how many types of adaptive processes are divided and
no matter how they are called, the criteria for their differentiation are very
vague, rather subjective and do not have a quantitative expression.

In the further presentation, we will assume that the biosystem can react to the ac-
tion of various factors with a whole range of adaptive reactions, of which at the mo-
ment it demonstrates only one. We will also assume that the following types of distin-
guishable and identifiable adaptive reactions are possible (in ascending order of the
degree of damaging effect): 1) normal homeostatic changes, or simply “norm”,
2) physiological adaptation, or simply “adaptation,” 3) compensation, 4) repair (re-
generation), 5) pathological (irreversible) changes, or simply "pathology".

DEPENDENGE OF THE ADAPTIVE PROCESS TYPE ON THE BIOSYSTEMS HIERARCHY LEVEL

Let us consider a hypothetical sequence of connecting hierarchically different struc-
tural formations in the implementation of an adaptive reaction. For simplicity, we will
use only three levels of the hierarchy: BS — subsystem — element. It is natural to
assume that with the same magnitude of the damaging effect, the degree of dysfunc-
tion of the system will be directly related to the level of its organization. So, with small
influences, the elements function is first of all disrupted. With an increase in the active
factor force, disturbances arise at the subsystems level, which, with a further increase
in the factor influence, leads to disturbances in the functioning of the BS itself.

The intensity of the adaptive process directly depends on the impact level
and is commensurate with the magnitude of the violations occurring. Therefore,
at a constant magnitude of the impact, the lower the organization level of the
reacting structure, the more pathological its adaptive reaction is, and vice versa,
the higher the level of organization, the less manifestation of the reaction.

Table 1. Possible relationship between the type of adaptive process and the biosystem
hierarchy level under various input influences

Impact intensity Hierarchy level

(in convent. units) Element Subsystem Biosystem
0 norm norm norm
1 adaptation norm norm
2 compensation adaptation norm
3 pathology compensation adaptation
3 death pathology compensation
4 death death pathology
5 death death death
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Thus, the replacement of some elements by others in the course of the adap-
tive process is a process that is clearly compensatory in nature at the element
level. However, at the subsystem level, this process can be characterized as
adaptive. At the BS level, this change can manifest itself only in minor homeo-
static fluctuations. Likewise, breakage of elements (i.e. their certain pathology)
at the subsystems level can be regarded as a compensatory process, and at the
level of the BS itself it can manifest itself as an insignificant adaptive deviation.

Consequently, we can assume that some correspondence of the hierarchy
level of the system under consideration to the tension degree of the adaptive
process taking place in it is fulfilled (Table 1).

This pattern reflects the evolutionarily developed relationship between the
"security" of the system and the hierarchical level of its organization.

FUNCTIONAL CLASSIFICATION OF ADAPTIVE PROCESSES

As a rule, the experimental curves of the adaptive processes, subject to the obvious
requirements for the experiments and their mathematical processing (selection of the
body system most sensitive to this factor, the use of an integral indicator of system
state, careful registration of the process etc.) with a sufficiently long exposure factors
have the previously considered characteristic form of unimodal functions.

Let us consider an example of the introduction of formalized criteria according to
the graphs "time/ effect” of the output functions of the BS ()(¢)). As the main charac-
teristics for distinguishing adaptive processes (adaptation, compensation, reparative
regeneration and pathology), we will use the following indicators:

1) the ratio of the values of the function y(#) with the limiting value of the
reaction “norm” (the boundary of the “norm range” is y()),

2) the time of getting into the “norm range”,

3) indicators of the “power” (“activity”) of the process [12]. In this case,
under the "norm range" we mean the range of homeostatic changes in the output
function without external influence. .

The consideration will be carried out for two periods of the study during the ac-
tion of the factor (f, < ¢ < #) and after the termination of its action (during the afteref-
fect (¢ > ,)). In addition, for ease of classification, we will neglect the possible phasing
of changes (the transition of the graph through the abscissa axis), and therefore we will
consider these changes only in the positive half-plane.

By adaptation (physiological) we mean an adaptive process that is not ac-
companied by irreversible damage. That is, after a short-term deviation from the
“extremely normal” value, the graph of the function returns to the “norm range”
(¥ < o) during the period of exposure. During the aftereffect (¢ > ¢,), the adapta-
tion response does not differ from the control one, i.e. does not go beyond the
boundaries of the " norm range " (Fig. 5).

The general view of the change in the BS output function during the compensa-
tory process, in principle, can be of the same character as during adaptation. Under
the action (¢y < ¢ < t;), the output function leaves the "norm corridor" and returns to it
until the action termination. During the aftereffect period (¢ > ¢;), the function does
not differ from the control one. Therefore, the distinction between adaptation and
compensation in such a functional description should be introduced not on a qualita-
tive but on a quantitative level.
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For example, we can propose as a quantitative criterion a measure of the
“intensity” (“activity”) of the process (S), which we will express through the

area (integral) under the output function:
Iy
S = j y(t)dr,
l

which indirectly reflects the expenses of biosystem energy resources.
Integral of the "norm range" value yy(?):

S =]y0 (t)dt

)

characterizes the "extremely normal" homeostatic energy expenditure.

Yolt

to 1 t

Fig. 5. Changes in the BS output function during the adaptation process

Fig. 6. Changes in the BS output function during the compensatory process
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Vo(t)

4

Fig. 7. Changes in the BS output function during reparative regeneration

Fig. 8. Changes in the BS output function during the reaction "pathology"

If the value of the integral S is less than the area of the “norm range”, then
the expenditure of resources of the biosystem is not excessive, if it is more, then
such a waste of resources can lead to a certain pathology. Accordingly, at S < S,
the response can be considered adaptive, at S > S, compensatory (Fig. 6).

The reparative regeneration reaction is an adaptive process of the next, "more
pathological”" level. Reparative regeneration is usually understand as a reaction in
which changes in BS accumulated during the exposure period are eliminated during
the recovery period. A possible graph of such dynamics is shown in Fig. 7.

During the exposure period, the function y(¢) leaves the “norm range” yo(t)
and does not return to it during this entire period (¢ < ¢ <t;). During restoration
(t> t,), the function enters the “norm range”: y(¢) < yo(?).

With the reaction “pathology”, the function y(¢), having left the “norm
range” during the period of exposure, does not return to it even during the
recovery period. One of the possible behavior types of such a function is
shown in Fig. 8.

Thus, by the type of the DS output function, the adaptive process can be at-
tributed to one type or another according to perfectly clear, easily recorded and
quantitatively measured characteristics.
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The dependence of such a criterion distinction on two indicators is obvious:
the exposure time and the boundaries of the “norm range”. In our opinion, both
of these dependencies are completely justified.

With a short exposure time, the process can be regarded as rather "pathological”,
but over a longer time interval, the same time changes can be attributed to a much less
"dangerous" type of adaptive processes. There can be no adaptation "in general", but
there can be adaptation under a certain mode of exposure, and by changing this mode,
it is possible to obtain compensation or pathology from the initial adaptation.

The limits of the "norm" are determined by the methodological capabilities
of the study, and the wider they are, the less reliable the assessment can be. For
example, the same curve of the graph of the output function with a "narrow
range " (an accurate method for assessing the "norm") can be reliably attributed
to the adaptation or compensatory process, while with a "wide range " it may not
go beyond its limits, and the process cannot be considered as going beyond the
limits of normal homeostatic oscillations.

WAVES OF PROBABILITY

With a sequential change in the magnitude of the external influence, the onset
probability of different adaptive reactions for the same BS will change. It is
logical to assume that with an increase in the impact, the onset probability of the
"less pathological" reactions will decrease, and the probability of the onset of
"more pathological" reactions will increase.

Hypothetically, the distribution of the probability (P) of the occurrence of
different adaptive reactions, when the force of the external influence (x)
changes, can occur in Fig. 9.

The probability of reaction "norm" occurrence (R,), reflecting the BS nor-
mal state (Fig. 9a) is maximal at a certain value of the factor x, that is optimal
for the organism (if the factor has only a "harmful" effect x, = 0). With a sequen-
tial increase (or decrease) of x relative to xn, the probability of the "normal”
reaction decreases, and the adaptation reaction probability (P,) becomes more
and more probable, which at x = x, reaches a maximum (Fig. 9b).

Fig. 9. Distribution of adaptive reactions when changing external influences
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With an increase in the factor at x > x,, the probability of the occurrence of
adaptation P, decreases, and a compensatory reaction (Py) becomes more prob-

able. After the maximum strength of Py at x = x;, the probability of a compensa-
tion reaction decreases. Similar processes occur with the probability of the re-
parative regeneration development. With an even greater increase in the level of
exposure, this probability decreases, and the probability of irreversible patho-

logical disorders (P,) increases.

The threshold Py, with respect to which the probability of the adaptive proc-
esses occurrence are considered, is determined primarily by the method of de-
tecting and differentiating the adaptive processes themselves. Its value has an
essentially probabilistic nature. With a "good" method of differentiating proc-
esses, it is lower and "probability waves" have pronounced peaks. With a "bad"
technique — the threshold is higher, and the "probability waves" themselves
have more gentle maxima.

CONCLUSIONS

The proposed three-block diagram of the adaptive process allows us to present
its structural and functional model in the simplest ("minimum necessary") form.

Based on the paradigm of one-to-one correspondence of the structure and
function of the adaptive process, it is possible to calculate the parameters of the
subsystems involved in organizing the systemic response using the actually re-
corded graphs of adaptive processes in response to external influences, namely
their conversion coefficients and inertial properties.

The systemic representation of a biosystem functioning makes it possible to
probabilistically represent the process of participation of the constituent subsys-
tems when the external influence changes (evolutionary transformations).

The developed criterion system allows, according to the graphs of the out-
put function dynamics of a real biomedical research, to determine the type of
adaptive process, that is, to correlate it with specific biological mechanisms and
to assess the degree of its "pathology" for the biosystem.
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MOJAEJIIOBAHHS KOMITIEHCATOPHO-ITPUCTOCYBAJIBHHUX
IMPOLECIB V¥V BIOCUCTEMAX

Beryn. EdextuBHicts QyHKIioHyBaHHS Oyab-skoi 6iocuctemu (BC), He3anexHo Bia piBHA
il iepapxii, 3aJIe)KUTh BiJ ii 37aTHOCTI afanTyBaTHCS J0 3MIiH HABKOJIMIIHBOTO CEPEOBHUINA
a0o ii craHy. AZaNTUBHI IPOLECU Peai3yloThCsl Ha MOJIEKYIIPHOMY, CyOKIITHHHOMY, KIIi-
TUHHOMY, TKAHHHHOMY, OpPIraHHOMY, CHCTEMHOMY PIBHSX Ta PiBHI I[UIICHOTO opraHizmy. L{s
ajlanTallis MoKe BifOyBaTHCA 3a JOIOMOTOI0 PI3HUX MEXaHi3MiB, MaTu pi3HI JUHAMiuHi
XapaKTePUCTUKU, CYNPOBOKYBATUCS PI3HUMH CHEPreTHYHHUMHU BUTpaTaMu 1 OyTH OiUIbII-
MEHII e(EeKTUBHOIX. Y 3B'3Ky 3 IIUM JOLUIBHO SKOMOIa TOYHiIle BU3HAUUTH THII ajanTa-
LiHHOTO MPOIeCy Ta OLIHUTU HOTO cTpecoreHHicTh (martojioriyHicts) ans bC. Ha Ham mor-
nsi71, Taky kimacuikaiio MOXKHa 31iHCHIOBaTH (OpPMaIbHUMH MapKepaMy aJalTHBHUX MPO-
1eciB (3a 101moMororo rpagiki) 3 BAKOPUCTAHHAM MaTeMaTUYHUX METO/IB iX OIHCY.

Meto1o cTarTi € po3poOiieHHsT GpopMati3oBaHoi Kiaacu(ikamii THIIB aJanTHBHUX MPO-
[eciB Ha OCHOBI MAaTEMaTHYHOTO MOJICITIOBAHHS TXHBOI JWHAMIKH.

Metoan: CTpyKTYpHO-QYHKI[IOHAJIbHE MOJCIIOBAHHS 3 BUKOPUCTAHHIM IJIXOIB Ta
MaTEeMaTHYHOTO arapary Teopil aBTOMaTHYHOTO KepPYBaHHs, 3 BUKOPHCTaHHIM IudepeHiia-
JIBHHUX PIBHSIHB, IMOBIPHICHUX ITi/IXO/IiB Ta TpadiuHOr0 aHaIi3y.

Pesyabratn. CTpyKTypHO-(QYHKIIIOHAIBHY MOJENb aJalTHBHOTO IIPOLECy MOJAHO Y
BUTJIS/I TPHOX MiJcHCTeM. BUXiIHUIT mpoliec HmepIuoi miICHCTEMH ONHCYETHCS eKCIIOHEHIia-
JBHOIO (QYHKIEI0 3 00MEXEHHSIM, IPYToi - JIOTiICTHYHOO (S-T0I0HO0I0) QYHKIIIEI0, TPETHOT -
TXHBOIO PI3HUIICIO, TOOTO YHIMOJAIBHOK KPHBOIO.

Poboty Takoi cuctemMu po3risSHYTO AJIS Pi3HUX CIIBBIIHOLIEHb MAapaMeTpiB IepesaBa-
npHUX (QyHKIIH mincucreM (kKoeillieHTIB MEepeTBOPEHHsI Ta MOCTIHHMX 4Yacy). BuxigHy
(YHKIIIO 1€l CHCTEMH 3alpOIIOHOBAHO BHKOPHCTOBYBATH SIK 1NCHTH(]IKATOp Pi3HUX THUIIIB
aJanTaliiHUX peakilii: ajganTailii, KOMIICHCAllii, pernapaTHBHOI pereHepariii Ta maToJIorigYHoO-
ro npoluecy. BcraHoBieHo kpuTepii i BU3HAYEHHS TaKOI'O PO3JUICHHS 3 BUKOPHCTaHHIM
IHTErpaJbHUX Ta TMHAMIYHHX XapaKTePHCTHK MaTeMaTHIHUX MOJEINEH.

BucHoBKH. 3anpolIOHOBaHA TPOXOJIOUHA CXeMa aJalTUBHOIO IIPOLECY Ja€ 3MOry BU-
KOHATH HOT0 MaTeMaTHYHHI OMKC Y HAWMIPOCTIllii Ta HaifanekBaTHimi Gopmi. Buxomsuu 3
[apaJurMy B3a€MO3aIeKHOCTI CTPYKTYpH Ta (GYHKIIT aJanTUBHOTO HpolLecy, MOXKHA po3pa-
XYBaTH MapaMeTpH IiJICHCTEM, SIKi OepyTh ydacTh B OpraHizallii CHCTEMHOI peakilii y Biamo-
BiZlb Ha 30BHIIIHI BIUIMBY, BUKOPUCTOBYIOUM (DaKTUYHO 3amnucaHi rpadikd MUX aganTHBHUX
MPOIIeCiB: XHI KOe(II[iEHTH MEPETBOPSHHS Ta TMOCTiHHI yacy. CucTeMHe moaaHHs (QyHKIO-
HyBaHHs 010CHCTeMU Jla€ HaM iMOBipHICHE ySIBJISHHS IO MPOLIEC y4acTi CKJIaJHUKIB MiJcHc-
TEM, KOJIA 30BHIIIHIM BIUTMB 3MIHIOETHCS (€BOJIIOLIIHI ITepeTBOpeHHs). Po3polbiieHa cucrema
KpUTepiiB Aae 3Mory 3a rpadikaMu JMHAMIKU BUXiZHOI (QyHKLIl peaJbHOr0 0iOMEIMYHOrO
JTOCITIJKEHHS] BUBHAYUTH THUI aJaNTallifHOTO MpoIecy, TOOTO 3i1CTaBUTH HOTO 3 KOHKPETHHU-
MU 610JIOTTYHEMH MeXaHi3MaMH Ta OLIIHUTHU CTYIiHb Horo "narosorii" 1 6iocucTeMu.

Kntouosi cnosa: inpopmailiiiHi TEXHOJIOTIT, CHCTEMHHUI MigXid, CTPYKTYpHO-()YHKIIIOHATIbHE
MOJIEIOBAHHS, MiAXOAU JIO0 Teopii aBTOMAaTUYHOIO KepyBaHHS, AU(EpeHIiaabHi PiBHIHHS,
IMOBIpHICHI MeTO/H, rpadiuHUi aHaITI3.
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IHOOPMALIAHA TEXHONOTIA BHBYEAHA
KMCHEBOIO PEXXMMY M'A30B01 KMTHHH

Bcmyn. Ocmannuiv wacom yeazy HaAyKo8oi epomadu npukymo 00 po3maimms eniueie MimoxoH-
Opiil HA HCUMMEOIANLHICMb KIIMUHU | 8Cb020 opeaHizmy. MimoxonOpii pozenadaroms K Mi-
wieHb y JUKY8AHHI CMpecy, Heupo-0e2eHepAmueHUX 3axe0plo6ans, paxy, iuemii — penep@ysii
i 6azamuvox inwux namonogiil.

Mema pobomu — cmeopeHHsi 3pyHHOL OISl KOPUCIYBAYAd MEXHONO2I aHani3y KUCHe8020
percuMy KIMuHU 3 2eMepOLeHHICII0 NOMYHCHOCHE MIMOXOHOPILL 8CepeouHi Mioyunmy ToOUHU.

Memoou. Ha emani mamemamuuno2o MOOETOBAHHS 3ACMOCOBAHO ANAPAM MeXaHiKu cy-
YIIbHUX cepedosull, OupepeHyiliHux pieHAHb 8 YacmKoeux noxionux. Ha emani po3poonenHs
iHGhOpMaYitiHOT MEeXHONO2IT KUCHEB8020 Pedcumy M 30801 KIIMUuHU THOOUHU BUKOPUCTIAHO YUCEb-
HI Memoou, 06’ ekmHo-opienmosarny mogy npoepamyeanns C#, mexrnonozio ASP Core.

Pezynbmamu. 3a 00nomo2010 po3podieHoi mexHoao2ii MOOeroEMbCsi MPAHCHOPM KUC-
HIO 8 cucmemi «Kpo8 — KIIMUHA — MIMOXOHOPILY», 3a0armvcs napamempu Kposomoxy i
KUCHeB0-MPAHCNOPMHUX 61ACMUBOCTEl KPOBL, HABAHMAIICEHHS, 2e0Mempisl KaAniiapie 00cii-
0JICY8AHOT KNIMUHU, A MAKOJC HEPIBHOMIPHICMb PO3NO0OiLy MIMOXOHOPIU, K CHOMCUBAUIE
KucHio. Pe3ynomamu po3paxynxie piznux pesjicumie xapaxkmepuszyloms ix 6 yiniomy i 6 pizHux
MOUKax KIiMuMu, GOHU HAOAIOMbCA Kopucmyeauesi y euensdi mabaiuys, epagikie i onucy
nonie 8 Mampuutiu opmi, ix recko 3icmasasimu Mixc o600 Ha OOHOMY eKpPAH.

Biosnaueno eascnugicms 368'3Ky Midic MINCKANIIAPHOK GIOCIAHHIO | 2eMePO2eHHICIII0
nomyxcnocmi mimoxonopiu. Texnonocilo po3paxoeano Ha GUKOPUCMAHHIL CMAHOAPMHO20
Habopy nokazHuxie mpancnopmy ma ymuaizayii Oy 015 00CHIONCEHHS KUCHEB020 NOCAYAH-
HSl AKMUBHO20 CKENeMHO20 M'A3a TH0OUHU.

Bucnosku. Inghopmayitina mexnonozisi 00CAiONCeHHs KUCHEGUX PENCUMIB KLTMuUHU (Mio-
yumy), pospooneHa Ha OCHO8I MAMeMAmuyHoi Mooeni mpusuUMipHoi oudysii KucHio, Hadae
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MONCIUBICMY  PO3PAXYHKY PO3NOOINY BHYMPIUHbOKIIMUHHUX WEUOKOCTE CHOMNCUBAHHS
KUCHIO, Hanpye KUCHIO, IXHIX cepeOHix 3HaueHb ma obaacmi 2inoKcii AK MHONCUHU 8iOHOULEH-
H5L WBUOKOCMI CRONCUBAHHS KUCHIO 00 3HAYEHb KUCHEeB020 3anumy.

Knrwuogi cnosa: ingopmayitina mexnonozia, mooeni mpaucnopmy ma Ymunizayii KUCHIO y
M'S31, KUCHeBUIl pedcum, M'308a KIIMUHA, 2INOKCIs, 2emepOo2eHHICmb MIMOXOHODIl, OKUCTIO-
8AIbHA NOMYIHCHICMb MIMOXOHOPIU, MIXCKANIIAPHA 8I0CmaHb, Oupy3is.

BCTYR

l'onoBHa yMoOBa KMTTS KIITHHH — Oe3MepepBHE CIIOXMBAaHHS eHeprii. Sk Bigomo,
3armacaHHs BUIbHOI eHepril B Monekyinax AT® 3a0e3neuyeTscsi B OCHOBHOMY aepo0-
HO, 32 PaxyHOK BHYTPIIIHBOKITITHHHOTO JUXaHHS MITOXOHAPiA. MiToXOHIpil — T1e
«eHepreTH4HUiA IeHTpy» KiiTuHU. OctanHi 10—15 pokiB yBary HayKOBOI IpOMaIChKO-
CTi OYKBaJIbHO MPHUKYTO JI0 BEIMYE3HOTO PO3MAITTS BILUTHBIB MITOXOHIPIN HA JKUTTE-
TSUTBHICTD KIIITHHY 1 BCBOTO OpraHi3My, 3pOCTaE YUCIIO My OlTiKamii i HayKOBUX KOH-
(epeHIii, NPUCBSYSHNX HOBUM JIaHKM TIpo (YHKLIT MiTOXOH pii. BeraHoBneHo, 110
€HepreTHYHe MOCTAYaHHs KIITHHM BU3HAYA€ €HEPreTUYHMH TOTEHIIal OpraHi3my,
BiJT SIKOTO O€3110CEePEIHBO 3ANEKUTE HOTo 370poB's [1].

MOCTAHOBKA NPOBNEMM

MiToxoHpii 32 CBOIM MOXO/PKSHHSIM € OaKTepisiMH, SIKi 30€periv BIaCTHBICTh pyXa-
THCSl, BUKOPHCTOBYIOUM TPAHCIOPTHI OUIKM i €HIOIIA3MATHYHUI peTHKyIyM. IX
TIEpEMIITICHHsI He OOMEXKYEThCS BHYTPITHLOKIITHHHAM CEpEOBUIIIEM. BHsIBICHO,
IO KJITHHH MOXYTh OOMIHIOBATHCS MITOXOHAPISMU IS penapamii YIIKOKEHb.
Takuii 0OMiH criocTepirany Mi>k HepOHaMH 1 aCTPOLIUTAMU B JIETEHAX KYpLIB, B MiO-
Kapi y pasi cTpecy, B KiCTKOBil TKaHWHI. 3I0POBI OCTEOIUTH TIepeIaBaiy MiTOXOH/I-
pii gepe3 NeHAPUTHY MEPEXKY OCTECOIIUTAM, SIKI BUTIYIIN CTpeC 3 HEPYHKIIOHATEHIMHA
MiTOXOHpisiMH. JJOHOPOM MITOXOHZIpIH CiTy»kuia 340poBa KIIiTHHA, iHOMI CTOBOYpO-
Ba, PEIMITIEHTOM — TIOMIKOMKeHa [2, 3]. MiTOXOH/ApIi PO3MISIAIOTE SK MIIlIeHb Y
JKyBaHHI CTpecy, HEMpo-IereHepaTiBHUX XBOPOO, paky, imemii — perepdysii i
0ararpoX iHIIMX MATOJIOTIH.

LuM MOSICHIOETHCS BaXKIIMBICTh BUBYEHHS BHYTPIIIHBOKITITHHHUX yYMOB, B
SIKUX TIPAITIOI0Th MITOXOHIPIi, a caMe, YMOB ITOCTa49aHHS 1 CIIO’KUBAHHSI KHCHIO.
i yMoBHU B 00’€Mi KIITHHHA MU Ha3UBAEMO KHCHEBUM pexxumoM kiituHu (KPK).
OynpamenrtanpHa xapakrepuctuka KPK — po3noain Hanpyru kucHio (pO,) B ii
00’eMi, SKHIA 3aJI€KUTh Bil JOCTAaBKA KHUCHIO KPOB'IO 1 HOTO CIOKWBAHHS MiTO-
XOHJIPISIMH B TIporieci muxanHs. JIMXaHHS MITOXOHAPIA CYIPOBOIKYETHCS BHIII-
JICHHSIM akTUBHUX (opM kucHIO (ADK), iX nmpomayKiis 30UIbIIYETHCS SIK 32 BHU-
COKHX, TaK i 3a HU3bKHX 3HaueHHsX pO, wmituaH [1, 2]. lo HegaBHBHOTO Hacy
A®K, mo mopymytoTh CTPYKTypH 1 GYHKITI KITITHHHA, PO3TIISIATNCS K HEMU-
HyYe 3JI0 OKUCHOTro MeTabomizmy. OnHaK 3apa3 BCTAHOBJICHO, IO OOMEKEHHI
notik ADOK € HeoOXiTHMM KIIITHHI SIK CUTHAJ 3BOPOTHOTO 3B'SI3KY MiJ] 4ac ajai-
Tamii A0 cTpecy, Timokcii, ayrodarii, kmiTHHAOI Audepenmialii, B iMyHHINH BiJl-
noBiai Tomo [1, 3, 4]. Omxe, KPK nae indopmaiiito mpo MBHIKICTH CIIOKUBAHHS
kucHiO VO, , mo HeoOxigHo s aepoOHoro 3amacanHs AT®, i mpo po3monin
KHCHIO y KIIITHHI, BiJl IKOTO 3aleXuTh nponaykiis ADK, iHpopmariro mpo riu-
OMHY 1 MPOTSDKHICTH 30HU TiMoKcii. B TakoMy acmekTi Oynemo posrimsamata KPK
Ta QaKTopH, U0 HOT0 BU3HAYAIOTH.
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VY pasi HEeBiANOBIAHOCTI AOCTaBKH KHCHEBOTO 3alUTy BUHHUKAE 3HIDKCHHS
TKaHUHHOTO pO; 32 KPUTHYHHHN piBeHb. Taki 3HIKEHHS Y BUTIISII T1TOKCUYIHUX
TISTHOK MOXKYTB Jy’K€ PO3PI3HATHUCS 1 PI3HMM YWHOM BIUIMBATH Ha MOKa3HUKH
KPK. OueBunHo, BaxHBi He TiUIbKK cepenni 3HaueHHS pO, 1 VO,, a i ixHii
po3nozin y kimituHi. ToMy siapom TexHomorii BHOpaHO Mojnenb AU(yY3iHHOTO
tpancnopty O, 3 po3NMOIUICHUMH TTapameTpamMu. ExcriepiMeHTansHO BCTaHOB-
JICHO, 1110 MITOXOHJpIi y peanbHill KIIITHHI, K NPaBUIO, PyXatOThCsl, 3ITHBAIOTh-
IUHY 1/a00 10 obnactel 3 HaHOIMBIIMM KHCHEBUM 3aIllUTOM IPEBAIIOE HAll Py-
XOM Y 3BOPOTHOMY HampsMKy. Bin3HaueHo iXHi CKyIm4eHHs 1moOiu3y CyAuH i B
o0nacTi BHCOKOI MeTaboaiuHOT akTUBHOCTI [4—8]. OTxe, HEepIBHOMIPHICTD PO3-
MOJTLTY MITOXOHAPIN Y KIITHHI — €KCIIEPHUMEHTAIEHO BCTAHOBICHUH (haKT.

IIpumyckarous, 1Mo HepIBHOMIPHHI PO3MOILT MITOXOH/PIH B KIIITHHI Ma€ BIUIH-
Bar Ha ¢opmyBanHs KPK, mMu cripsmyBanmu cTBopeHHst iH(GopMaIiiHOl TeXHOMOTil
Ha Bu3HadeHHs: KPK 3 pisHuM po3moziioM MITOXOHAPIN il aHANi3y TPaHCHOPTY i
cnokuBaaHs O, B CHCTEMI «KPOB — KIIITHHA — MITOXOHJIPisSD) CKEJIETHOTO M's13a, III0
YMOXKJIMBHTH 3icTaBlieHHsI Ta aHami3 pisHux KPK, omiHroBaHHS epeKTHBHOCTI NUTAXiB
MiHiMi3aLii BHYTPIIHBOKITITHHHUX 00J1acTel T1HoKCil.

Meta po6oTm — CTBOpEHHs 3pydYHOI Ui KOpUCTyBaya iH(opmamiiiHol
TEXHOJIOTIi aHai3y KUCHEBOTO PEKUMY KIITHHH 3 TETEPOTCHHICTIO IMOTY>KHOCTI
MITOXOH/JIPii BCEPEIUHI MIOIIUTY JTFOIUHHU.

MATEMATHYHA MOJIENb ANA LOCMIMKEHHA KHCHEBOTO PEMXHMY KNITHHH

3anpornoHOBaHy TEXHOJIOTII0 MOKHA HAa3BaTH HOBOIO, X04a OCHOBHA MOJIEJb
nudysii O, Ha SIKy MU CIIUPAEMOCS, BUKOPUCTOBYEThC naBHO. [lepmri mo-
neni ang pospaxynky pO, omucyBanu pafgianbHy audysito O, 3 Kaminspa B
HeHTpi Koja a0 mnepudepii. 3 BBEAGHHIM KpPOBONOCTAYaHHS 3'SIBUIIHCS
00'eMHI MOJeNi, IO BKIYAIOTh HOBUX y4acHUKiIB TpaHcrmopty O,: KpoBo-
TOK, BJaCTUBOCTI KPOBi, KIHETHKY crokuBaHHs O,, OKCUJ a30Ty, MiOTI00iH
i [9-10] in. I, HapemTi, MOXJIHUBICTh AOCHIIKYBAaTH BILUIMB PO3TANIyBaHHS
MITOXOH/Ipif Ha KHUCHEBHH pexxuM Oyna BukopucTtana B [1, 8] i B psami Ha-
mux pooit [10-13]. OOcsr ingopmarllii mpo MITOXOHIPIl CTPIMKO 3pPOCTAE,
0oTXe, PpOoHT poOiIT MO MOAENIOBAHHIO MOBHHEH PO3IIKpIOBaTUCA. MU mpo-
MMOHYEMO TEXHOJIOTiIO, IO a€ 3MOTY IPAaMIOBaTH 3 PI3HUMH BHYTPIINTHHOK-
JNITHHHUMH PO3MOJALIIAMH MITOXOHJIPid, MOPIBHIOBATH iX MiXk co00o010, a Ta-
KO PO3TIIANAaTH alanTamilo KIITHHU A0 HOBHX YMOB.

MarematruHa Mozens s nociimpkeHHs KPK ommcye tpusnmipny andysiro
O, 3 KanuBIpiB y KITHHY 1 criokuBaHHA O, MITOXOHAPIIMHU KIITHHH, CXEMaTHIHO
3aaHy Y BUIJBII IPU3MH, OTOYEHOI IICHTHYHUMH CTPYKTYpaMu 3 3a3HaYEHHSIM Y
il CTPYKTYpi TKaHHH, KaILIApiB, 30H HOPMOKCIi, Tinokcii Ta anokcii (Puc. 1).

Monens BpaxoBye 00'emHy (F) 1 JTiHIHHY (V) M'I30BOTO KPOBOTOKY, MDKKAITLIP-
HY BIICTaHb icd, pO3MIpH i B3a€MHE PO3TAIYBAaHHS BIIKPUTHX KAIULIPIB, MTUTOMY
KUCHEBY IMOTY>KHICTb MITOXOHIPIH (mr7r(X, ¥, z)), KucHeBY eMKIiCTb KPOBi (CaOamuy),
BMICT KUCHIO B apTepiaibHiid kpoBi (Ca(;), onoxeHHs 1 popMy KPHBOI ITUCOLaIii
oKcHreMornodiny, koedimieHTH qudy3ii (o) i PO3YMHHOCTI KUCHIO Y KPOBI 1 TKaHKHI,
a TaKOXX ysIBHY KoHcTaHTy Mixaemica Uit KucHto (Km).
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Puc. 1. Anpokcumallis MioIMTa B MOZEII — IMpHU3Ma 3 30HOI0 TIMOKCIi 1
aHOKCil (IpaBopyd — IMOJOBHHA CUMETPHUYHOI KapTUHH 30H MOCTAYaHHSI
KHCHEM Y 3allITPHXOBAHOMY TepeTHi) [14]

B o0umcmroBaTEHIX EKCIIEPUMEHTAX Y KOXKHIM PO3PaXyHKOBIM TOUI KIITHHH-
MiOLIMTa BU3HAYAIOTHCS HAmpyra KUCHIO (p(,), IIBUIAKICTb CIIOXHMBAHHS KHCHIO
(VO,), ixHi cepemni 3HaueHHs: pOst, VO,C, apTepio-BeHO3HY BIIMIiHHICTH KOHIICHT-
pattiii O, B KpoBi (avd) 1 XapaKTepUCTHKU 30HH TIIOKCIT, & caMe CITiBBITHOIICHHS

r= VOzC/mrrcpem-[e (1)
Ta
r(x y z) = V02 (x,y z)/mrr (x, y, z).

JeranbHuil onuMC BUKOPUCTAHMX MAaTEMATHUUYHUX MOJEIEH TPaHCIOPTY Ta
yTHii3alii KUCHIO Y M'A30BOMY BOJIOKHI HaBezaeHo B [10, 14].

Y Moxeni HeoOXiHO BpaxyBaTH KHCHEBUH 3alUT KIITHHU-MIONUTY (mrr).
SIKI10 TTO3HAYMTH MaKCUMAaJIbHY TIBUIAKICTH CTIOKHBAHHS OJTHIET MITOXOHIIPIT SIK
MRm, a KibKiCTb MITOXOHIPIH B eIeMEHTapHOMY 00’€Mi SIK 71, OTPUMAEMO MO-
JKJIMBY MTUTOMY KUCHEBY MOTY>KHICTb MITOXOHIDIH:

mrr (x, y, z) = MRm e n.

o6 BimoOpa3uTh y Mojeni HEPiBHOMIPHHHA PO3MOALT MITOXOHApPiH abo y
3araJlbHOMY BHITIAJKy HEPIBHOMIPHUI PO3MOJIJ MUTOMOI KHCHEBOI MOTYKHOCTI
(mrr) y xJiTHHI, 321aMO MHOXXUHY KoeimieHTiB R (X, V, z), BIINOBIIHUX HEpiB-
HOMIPHOCTEH, M0 HAC MiKaBIATh. OTPUMYEMO MHOXHHY HEPIBHOMIPHO pPO3IIO-
JIJICHUX MMATOMHUX TOTYKHOCTEH:

mrr (x, y,z) =mrr @ R (x, y, z).

PiBusaus nudysii-cioxuBanasa O, 3 TOBIIFHO PO3ITOAIICHIMA MiTOXOHIPI-
SIMUA Y MIOITUTI Ma€ BUTJISIT

o’ pO, N o’ pO, N 0’ pO, _m
2

rr
2 3y a2 q. Df(pOg)'R(X,y,Z), )
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ne R (x, y, z) — GyHKIiA PO3MOALTY IMOTYXHOCTI MITOXOHAPIA B KIIITHHI,
f(p02)=p02 (x,y,z)/(pO2 (x,y,z)-i—Km); f(pO,) — Tun KiHETHKH 3B'S3y-
BaHHs O,.

Crio>krBaHHS KUCHIO PO3PaxOBYBaJH 32 POPMYIIOHO:
VOs(x,y,z) = F(pO,) e mrr(x,y,z)

OTxe, 11 BU3SHAYCHHS! KUCHEBOTO PEXXUMY KIIITHHHA MiOLUTY MOTPiOHO BU-
pimuTH KpaiioBy 3amady (2) 3 HOYaTKOBUM PO3IMOAITIOM MOTY>KHOCTEH MiTOXOH-
Ipiit B il KTITHHI.

IHOOPMALIAHA TEXKHONOrIA OCNIAIKEHHA KMCHEBOrO PEMMMY KNITHHM

Ha ocHoBi kpatioBoi 3amaui (2) Oys0 noOyaoBaHo iH(DOpPMAIIiHHY TEXHOJIOTIIO JOCHi-
JDKCHHSI KMCHEBOTO PEeXMMY KIITHHHM, sKa 3a0e3liedye aHaji3 KHUCHEBOIO DPEKUMY
KJIITHHHM 3 PI3HAM PO3MOALIOM CIIOKHABAYIB KHCHIO — MITOXOHMpi# (Puc. 2).

Texunomnoris MuscleController cknagaetscs 3 Tpbox OmokiB (Puc 3). Ha ko-
JKHOMY OJI0IIi po3B’sI3ye€ThCsl KpaiioBa 3amada (2) i po3paxoByeThCsl MIBHUAKICTH
CMOKUBAHHS KHCHIO, PO3MOJII KUCHIO Y KIITHHI, PO3MOALT HAIPYTH KHUCHIO Y
KaIiJspi , B apTepiaibHii 1 BEHO3HI KPOB1 TOIIIO.

85 MCentroller — x

Point calculations

Input parameters of block 1 Conclusion of bleck 1 Matrix N
¢, 0 019 Char char
. = Vo 3,058
oz o Zom e S
e 7 POt 11701 Blok [Block MEECIE [2] [ Disgonat 2
pO2min 0330
o 0 2 oo Maoe s o iy [onten |
== 0.008 avd 0,153
€, O2max: 02 =
it 73 Conclusion of block 2 ez
D: 1305 Vo 2,690
pO2: 55,180
po2v 17784
Input parameters of block 3 po2t 123811
c.ox 019 pO2min 2,032
F: £ 2 0.830
avd 0135
a o1
mr 4 Conclusion of block 3
K I Vo 2,670
icd: 0,006 pO2a 85,189
o o po2v 18021
¢ - 2 po2t 12,856
[ B PO2min 2,060
D: 13805 . e

avd 0134

Puc. 2. Intepoetic Texnonorii MuscleController
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BxigHi napameTpu Gnoky 1
BxigHi napameTpu Gnoky 2

BuxigHi

———* napameTpu

Bnory 1

BxioHi napameTpu Bnoky 3

BuxigHi / Buxigni
napameTpu napameTpu
Bnowky 2 Bnoky3
Puc. 3. llpunnumnoBa cxeMa TeXHOJOTI1
Input parameters of block 1 Conclusion of block 1
€. O 2 VO2e 3,058
17 20 pO2a 85,180
L 0.1 pO2v 13,542
T : 4 pO2t 11701
KEm: 1 pO2min 0,230
ied: 0,006 T 0,764
C, O2max: 02 avd 0,133
pH: 73
D 1.3E-05

Puc. 4. BxinHi i BuXijHi mapameTpu st 610Ky 1

MerToro 050Ky 1 € po3B’si3aHHs KpaloBoi 3amaui (2) y pasi piBHOMIPHOTO
PO3MONITY MOTYKHOCTEH MITOXOHIpIK 3a 3aJaHUMH MapaMeTpaMu IOCTaBKH i
cnoxuBaHHs kucHiO (Puc. 4). [lng mporo y BXigHe mianoroBe BikHO OJoky 1
MOTPiOHO BBECTH: TOYKOBI 3HAUCHHS KOHIIEHTpAIll KHCHIO B apTepialibHIi KPOBi
(Ca0,), o6'eMHOT MBUIKOCTI KPOBOTOKY (F), NOBXHHY M'si30BOi KimituHH (L),
MaKCHUMaJbHy HIBHIKICTh CIIO)KMBAaHHS KUCHIO (mrr), KOHCTaHTy Mixaemica
(Km), MiXKanmiyisIpHy BincTanb (icd), KUCHEBY eMHICTB KpoBi (CaO,max), cepen-
HE 3HAYEHHS BOJHEBOTO TOKa3HUKa KpoBi (pH), a Takox KoedilmieHT mudysii
KUCHIO B TKaHuHI (D). Ha Buxozi Oyae oTpuMaHO HAcTyMHI MOKAa3HUKH KHCHE-
BOTO PEXHUMY KIITHHH MIOLUTY: MiHIMallbHE HANpPYXeHHS KUCHIO B TKaHHHI
(pO,min), pO, B aprepianpHili Ta BeHO3HIH kpoBi (pO2a, pO2v), aprtepio-
BEHO3HA BIJIMIHHICTH 32 KOHIIGHTpALi€0 KHUCHIO (avd), cepeqHe 3HAUYEHHS Ha-
MIPYTH KUCHIO Y TKaHUHI (pO,f), cepemHs MBHUIKOCTI CIIOKUBaHHS KUCHIO (VOxc)
1 pO3paxyHKOBa XapaKTePUCTHKA 30HU Timokcii (1).

OO6uucnenHs, 1o Oyiu po3paxoBaHi y Ojomi 1, CTalOTh BXITHUMH JaHUMH
st 6moky 2 (Puc. 5). Ha Buxoni 610Ky 2 OTpUMYETHCS Ti K caMi MOKa3HUKH
KHCHEBOTO PEXUMY KIITHHH MIOITUTY, ajie BXKE HE Y pa3i piBHOMIpHOTO PO3IO-
JITy TTOTY>KHOCTEH MITOXOHJIPIil, a 3a po3paxoBaHuM y OJo1i 1 po3noaisaom.
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Conclusion of block 2
VO2c 2,690
pi0la 85,189
pO2v 17.784
pO2t 12,811
pO2lmin 2032
r 0.880
avd 0135

Puc. 5. Buxigni napametpu 010Ky 2

Input parameters of block 3 Conclusion of block 3
C, 0z 0,19
F: 20 VO2e 2670
L- 0.1 pO2a 83,180
- ) pO2v 18021
' pO2t 12 836
Km: 1 Imi
icd: 0, 005 Il ﬁ;?:
T
C, O2max: 0.2 -
pi—l: e avd 0,134
D: 1,3E-05
Puc. 6. BxinHi i BUXiHI napameTpu A 00Ky 3

Caleulation Parameters

Grid 20

Layers 40

[terations 400

Puc. 7. HanamryBanns po3paxyHkis KPK

VY Osomi 3 po3B’s3yeThes KpaiioBa 3amaua (2) 3 ypaxyBaHHSIM PO3MOALTY
MOTY>KHOCTI MiTOXOHAPiH, 0 TaKOXK pO3paxoByeThes y Oiomi 1, ane 3a 3agaHu-
MU MapaMeTpaMu JOCTABKH 1 CIIOKUBaHHA KucHO (Puc.6.).

Bracnimok 1mporo Ha Buxomi iHMopmamiitHoi TexHomorii MuscleController
MU OTPUMYEMO TaKi JaHi: PO3MOMLT IIBUIKOCTEH crokuBaHHS KucHio (VO,),
Hanpyr (p0,), iXHI cepeqHi 3HAYCHHS TOIIO. TEeXHOJOTI€I0 MepeadauyeHo MOXK-
JUBICTh Bi3yaumizallii XapaKTepHUCTUK KHUCHEBOTO PEKHUMY KIITHHU: MOOYI0Ba
MaTpHIb PO3NOALTY, TpadikiB Ta ricTorpam.

KpatioBa 3amaua (2) po3B’s3y€ThCsl 32 JOIOMOI'OI YUCEIBHOTO METO/a KiH-
neBux pizHUIG. B Texnomorii MuscleController BIpoBap)keHO MOXIIMBICTh Ha-
JIAIITYBAaHHS CITKH JJIS IHTETpyBaHHs, KUTBKOCTI iTepariii Ta KUTBKOCTI mMapis.
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TexHoorisl Jae 3MOTY BHPIIIYBaTH MPsMY 1 3BOpOTHY 3anady. [Ipsma 3axa-
4ya nepenbdavae pozpaxyHok pO, i VO, 3a 3agaHuMHu napaMeTpaMu JAOCTaBKH i
cnoxuBaHHs O, TIpyU PIBHOMIPHOMY PO3MOIiNI MOTYXKHOCTI MITOXOHApiH (mr).
Jlst 11 BUpINIEHHS BUKOPUCTOBYETHCS OJIOK 1.

3BOpOTHA 3a/1aua nepeadadae 3a BiIOMUMH MMOKA3HUKAaMU a00 THM, SIKi MU MO-
JKEMO pO3paxyBaTd, MiAOHpaTH 3HAYEHHS MapaMeTpiB, SKi BAXKKO a00 HEMOXKITUBO
TIOMIPSITH, IO BITHOCATHCSA IO MITOXOHIPIH 1 MIKpOIMPKYJISTOPHOTO pycia, TpH
SIKUX JIOCSATAEThCs TOTPIOHA IIBUJIKICTh CIIOXKHMBaHHS KUCHIO. ChopMysIboBaHa HAMHU
3BOPOTHA 3a/1a4a 3'IBUJIAcs SIK HACTIIOK i€, 3TiHO 3 SIKOO 301IbIIEHHS] MaKCHMaJlb-
HOI TTOTY>KHOCTI MITOXOHpii 103Boste perymoBati KPK mipu rinokcii pi3Hoi eTiomno-
rii. Bupinryroun 3B0poTHY 3a1a4y, BUOMPaEMO PO3MOALT MITOXOHIPIN MPH TiNoKcii 1
BU3Ha4YaeMO sIK BiH 3MiHUTh KPK, 30kpema, 3MEHINTD TiMOKCIit0, UM BILTMHE Ha IIBH-
JIKICTh CIIOXKMBaHHS KucHIO. [l po3B'szaHHS oOepHEHOI 3amadi Oyiu po3poOmieHi
OJtoku 2 1 3, 1110 TIPAITFOIOTH CITUTHHO 3 OJI0KOM 1.

Buxopricransst G510Ky 2 3 poO3MOILITOM MITOXOHIPIAIbHUX TTOTYKHOCTEH 3a Tpa-
nieatoM pO,, chopMoBaHoMy B Orowi 1, moKazano, o y pa3i THOKCHYHOI TIMOKCii
«IIUTeCTIPSIMOBaHMIDy po3noain mr ictotHo mokparmtye KPK. Tak, y pazi 3HmKEHHS
KOHIIGHTpAIlii KHCHIO B apTepiabHiil KPOBI PO3IO/LT MTOTYKHOCTEH MITOXOH/IpIi J1aB
3MOTY MiATPUMYBATH IIBUJIKICTh CHIOXKUBaHHS KUCHIO (VO,¢) MOCTIHO0, 3MEHIITUTH
a00 TIOBHICTIO 3HEMIKOAWTH Tinokciro [6]. Te came miaTBepaMiiocs y JOCTiIPKEHHI
IIUPKYJIITOPHOI TITOKCii. MOXKITMBOCTI Takoi afanTariii 3a1exaiy Bijl iHIAX Tapame-
TpiB IOCTaBKH 1 €HEPreTHYHUX BUTpaT KiniTuHu [9-11].

Brox 3, sx 1 670K 2, Takok MpU3HAYEHO Uit AocixkenHs peryismnii KPK
3a y4YacTIO Tepepo3MoaulTy MITOXOHApiH. OCOONHMBICTE MONSITaE B TOMY, IO 3a
noroMororo 05oky 1 po3paxosyBanucs napamerpu KPK B pexwumi rinmokcii 6e3
nepemimeHHs Mitoxouapii. [Totim iHndopmalis mpo rpaJieHTH HANPYTH KUCHIO
1 MBUIKOCTEH HOTO CIIOKMBaHHS Tepefasanacs B OJOK 3, a MiTOXOHpII mepe-
OyZoByBaJHCsl B 3aJIS)KHOCTI BiX 1€l iHPOpMaIii, Mpu OMY MOXJIHBICTE 3Mi-
HIOBaTH IXHIO TIOTYXHICTh /My 30epiranacs, Mmcis 40ro po3paxoByBalics mapa-
METPH HOBOT'O JOCHTIKyBaHOTO PEKUMY, B TOMY YHCII IUTOMa OKHCIIOBaJIbHA
MOTYKHICTh MITOXOHPIH, PO3MOIITICHY B MPOCTOPI1 KIITHHHU MPOIOPITIHHO Tpa-
niearam pO, (6noky 1) 3 1l MakcumansHUM 3HaueHHsM mr. [ligkpeciumo, mo y
ouroni 3 Moxe OyTH 3amaHo Oyab-sKi MapaMeTpH PEeKUMY, He3aJIexHi Bix 3ama-
HUX y Omori 1. Jlami 3a momomororo 6JI0Ky 3 OTpUMYBAIH XapaKTEPUCTUKH HO-
Boro KPK i3 3ajjaHnM HEepiBHOMIpHUM PO3MOIiIIOM KHCHEBOTO 3aIlUTYy.

APXITEKTYPA IH®OPMALIAHOT TEXHOROTIT

Inpopmaniitny  texHonorito  MuscleController  po3pobneHo  00’€KTHO-
opieHTOBaHOIO0 MOBOIO C# B cepemosuii Visual Studio 2019. TexHomoris Mae
KOMIIOHEHTHY apXiTeKTypy 1 CKIQJa€Tbcsi 3 YOTHPHOX IMPOEKTiB, a came:
EngineClasses, MuscleController, Testing, UserControllsLibrary.

IIpoext EngineClasses € snpoM OOYHCIICHHS KpaioBoi 3amadi (2). Y #oro
OCHOBI JI)KHTh aOCTpakTHUU kiac Tasking, 1O chnagkye iHTEepdeiic
ICalculateAble. B intepdetici ICalculateAble, oromomryeTbcss €MUHUN METOI
Calculate(), B sxomy Oyne BIIPOBaKEHO YHCEIbHHUIA METOJ KiHIIEBUX PI3HUIIh
U KOJKHOTO O1oKy. Lleit MmeTon pearizyeTsest B abcTpakTHOMY Kiaci Tasking.
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ICalculateable
Calculaze()

|

Caleulats()
tdaptineTask MopAdapkedTask ReeulatineTask
Calculate() Calculara() Y

Puc. 8. UML-piarpama xnaciB npoekty EngineClasses

AbctpaktHuit  knac  Tasking peanisytore kinacu  NonAdaptedTask
(po3B’si3anHs 3aBHaHb 010Ky 1), AdaptedTask (po3B’si3aHHS 3aBIaHb OJOKY 2),
RegulaionTask (po3B’si3aHHs 3aBHaHb OyoKy 3). UML-nmiarpamy apXiTeKTypu
kJaciB npoekty EngineClasses nonano Ha Puc. 8.

IIpoextr UserControllsLibrary, CTBOpeHHWH 3a JOIOMOTOI TEXHOJIOTI]
Window Form, 3abe3nedye KOPHUCTYBaJIBHHUIIBKHN iHTEpdeiic iHdopmarriitHol
texHonorii MuscleController.

Hns mepeBipku pobotu Texnomnorii MuscleController Gyno peanizoBaHO
FOHIT-TeCTH Yy MPO€eKTi Testing. KOHIT-TECTH Mal0Th 3MOTY IIBHAKO i aBTOMAaTHY-
HO MPOTECTYBaTH OKPEMi KOMIIOHEHTH TexHouorii. FOHIT-TecTH po3pobieHo
3a gonoMoror ¢peiiMBopky MS Test: Bin xommaHii Microsoft, ki BKJIKOUYEHO Y
Visual Studio.

KepyBanHus yciMa npoektamu 3aiicHIOE poekT MuscleController.

AHAMI3 ®YHKLIORYBAHHA POSPOBMEHOT TEXHOMOTIT MUSCLECONTROLLER

Po3po0nena TexHOJOTisI Aae 3MOTY MpaLioBaTH 3 OJ0KaMH, KOMOIHYIOUH iX 1O-
mapHo: 050k 1 pazom 3 610koM 2 1 6ok 1 - 3 6mokom 3. biok 1 3abe3nedye
po3paxynku mapameTpiB KPK y pa3i piBHOMipHOro po3mofily MITOXOHIpIH,
T00TO Mrr(x, y, z) = const. BXiHi napamMeTpH 3a7ae eKCIIEPUMEHTATOP.

BxigHi mapameTpu eKCIEpUMEHTIB, SKi MPOBOIMINCS HAMH JUIS J€MOH-
cTparii MOXKJIMBOCTEH iHGOpMAaIiHHOT TeXHOIOT11, mogaHi Ha Puc 9.

3ayBa)KMMO, 10 IO BXiIHUX MapaMeTpiB OJIOKiB 2 i 3 HajexaTh po3paxoBa-
Hi y Omomi 1 3HaveHHs r(x, ¥, z). Ilicns omparfoBaHHS TEXHOJIOTIEI0 BBEICHUX
JaHWX, OyJIM OTpUMaHi pe3yibTaTH, ToKazani Ha Puc.10.

broku 2 1 3 npuzHaveno mist po3paxyHky napamerpiB KPK y pasi HepiBHOMIp-
HOTO pO3MofiTy MiToXoHApid. PospaxyHok mnapamerpiB KPK koxkHoro O010ky
(outputl, output2, output3) cTBOpIOE T0JIe KOSPIIIEHTIB 7, XapaKTepHE Il BHOPAHOTO
pexuMy. 3a MEBHUX YMOB B 00JIACTI, BiaICHIH BilT [pKeperia KUCHIO, BUHUKAE 30HA
3HIKEHHS pO); 1 3HIKSHHS IBHIKOCTI CIIOXMBAHHS KUCHIO — OOJIACTh TIMOKCI, Jie
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pO; MeHIIIe KpUTUYHOTO 3HaueHHs1, V'O, < mrr, TOOTO y Lill 30HI yTBOPIOETHCS Mi/l-
BHILIEHA MPOAyKUis akTUBHUX (opM KucHIO (ADK). Posrmsaytu ocobmmsocti KPK
JIa€ 3MOTY MaTpH4HE TOJAHHS 30HH TiMOKCIi — PO3MOALT 7 y TIO3J0BKHBOMY ITIepe-
THHI KITITHHH, 10 TPOXOWTE Yepe3 ii Bich (Puc. 11). Lle yHaoUHFOE «TIOPTPET» TIlTOK-
cii y M's130BoMy BoJokHi. Po3nioainu pO,(x, y, z) B kpoBi kaniisapa pOx(1,1, z), a Takox
VOs(x, y, z) 1 ¥(x, y, z) MOXKHa BUBOAWTH Ha €KpaH y BUIIII TpadiKiB iXHIX cepemHix
3HAYeHb a00 MaTPHIIh, SK MoKazaHo Ha Puc. 11, SKIo moTpiOHO PO3TIBTHYTH KOHTH-
HyyM 3HaueHb pO,, r, VO, Ha Puc. 11 nopaHo mopTper TIMOKCil y MO3I0BKHEOMY
MIepeTHHI MioLUTa 38 YMOB, IOKa3aHuX Ha Puc. 1 cripaga.

VY npaBomy HWXHBOMY KyTKYy Matpuili Ha (Puc. 11) BuaHO HaliBaxdy rimo-
KCil0, TyT MIBUJAKICTh CIIOKMBAaHHS KHUCHIO HaliMeHIa. MO)KHA OLIIHUTH TPOTSI-
JKHICTB 1 TIMOWHY TiMOKCii 32 YncnamMy, 3a3Ha4YeHUMH Y PO3PaxyHKOBHX TOUKAaX.
3niBa, y BepXHiil YaCTHHI MEPETHHY, Y BEPXHHOMY KYTKY 1 B3ZOBXK CyAuHU (KO-
opauHatH 1, 1, Z) KUCHEBHIA 3aIIUT MMOBHICTIO 33JJ0BOJILHSIETHCS.

SIKmo BBECTH MHOXHUHY # 3 05oKy 1 10 ONOKY 2 i pO3NOAUTUTH BXiIHY
3MiHHY 7177 TIPONOPILIMHO 3HAYEHHSIM 7, OTPUMAEMO PEXHUM 3 mr¥, PO3MOAie-
HUAM 32 TpagieaTamu VO, [11]. O1xe, 3a 10ITOMOT010 OJI0OKY 2 MOXKHA pO3paxy-
Bat pexxuM KPK2 3i crenudivHuM po3moaiioM MIiTOXOHAPIH — Mpomnopiiid-
HUM TPaJi€HTy CIIOKMBAaHHA KHUCHIO Y KJIITHHI 1 MOPIBHATH HOTO 3 PEXHMOM
KPK1, y sxoro Taki  napaMeTpH JOCTaBKH KUCHIO.

Input parameters of block 1 Input parameters of hlock 3
C,02: 0,19 C, 0 0,18
F: 20 F: 30
L: 0,1 L: 01
o o 4 Ot &

Kru 1 K : 1
icd: 0,004%9 ied: 0,005
', O 0,2 C, O2roay: 02
pH: 7.3 pH: 7.3
D 1,3E-05 DR 1,5E-05

Puc. 9. BxinHi 1aHi eKCIIEpUMEHTY .

Conclusion of block 1 L b A G i Conclusion ofhlock
VO2a 3,367 Wioe 3,047 Ve 4175
pO2a 235,129 PO2a 25,129 pOZa 52,102
pOZv 9,233 POy 13,722 P2 9,523
pO2t 17,060 P2t 17,493 P2t _ 14273
pCEmin 0,325 PO2min 1,793 PO 2tnin 0,206
r 52 Y 0,338
avd 0,168 r 0,905 v 0130

avd 0,152 ’

Puc.10. Buxinni napameTpu OJIOKIB €KCIIEPUMEHTY
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i texs ofblock 1 i —
cbu(l)\; parameters o 01; Conclusion ofblock | Mtz | Chats | Bt charts
F‘ éU kier3 3058
p0% B | g
. i P02t 1700 | Block Block! v Layer Disgrnal
pO02in 0230
Kn: L . 76 | Matixtpe 1 [v] Fie [ v
e 0,006 ol 0153
2, Olmax 02
pH 73 Conelusion ofblock2
D 13E05 V0% 2,690
p0% 85,189
PO 17,734
Input parameters ofblack 3 p02t 12811
c.0 019 pO2xin 2032
¥ & r 0,380
and 0135
L 01
s [ Conclusion of block 3
Km: 1 08553 08533 08521 03515
vie ) 08530 08465 0.8409 0833 02327 02300 08285 0
ied: 0,006 P02 85,189 02518 08416 08323 03240 05163 0.2109 0.8062 03038 O
£ Oma B PO 10,174 08464 08331 02204 03087 01982 07890 07814 07753 07709 0.
i b po2t 9375 2287 03124 07968 07922 07689 0573 07476 07398 01342 07305
P b POt 0,544
D L3205 T fikzr)
and 0,166
Caloulation Parameters Constants
el 0 alpha 28E05 0858 03186 0
alphac 125809 03464 03103 0
Layers 4 10 oo 08398 08020 0
- 0 ! 03332 07935 0
i i 03265 07850 0.
Run ‘

Puc. 11. Tloptper rinokcii

brnoxk 3 nmae indpopmarniro mpo KPK3 3 noBinpHO 3amannmu mapamerpamu. Ocki-
JIBKM MITOXOHJIPii MOXKYTh PO3MOAUIATHCS THM YH iHIITAM YHHOM 3aJI€KHO BiJl YMOB
JIOCTABKH 1 CIIO>KMBaHHS KHCHIO 1 BrumBaty Ha p(O; i VO,, MoxkHa BUOpatH 7(X, ¥, z) 3
Omoky 1 1 BBecTH #oro B OJI0K 3 SIK MHOXKHHY KOe(ili€HTiB (X, y, z). TakuM 4nHOM
JIOCITIDKYIOTCSI BIDTMBH (HAIPHKIIA, TPEHYBaHb) Ha PO3IOIUT MITOXOHIPIH, OTPH-
MaH## B oJjHOMY peskiMi, Ha KPK B iHIIIOMY peskuMi B iHIIMX YMOBaXx.

XapaKTepUCTUKH PEKUMIB TPhOX OJIOKIB HajaHo Ha puc. 12 Ta puc. 13, rpadiku
MOKHA PO3TIISIIATH CIIUTBHO, IO Jae 3Mory Jsierko 3ictaBisitu KPK 1, KPK2 i KPK3.

Ha puc. 12 ta puc. 13 nokasano rpadiku VO, (a) i pO; (0) BianoBiaHo, sKi
MOKa3yI0Th 3MIHU JOCHIXKYBAaHUX TOKAa3HUKIB MiXK iXHIM 3HAQYEHHSM y BEHO3-
HOMY KiHIIi Kamiispa i 06JacTio HalTipIIoro mocTa4aHHs.

Hocmimkeras KPK y M's131 ToauH# 32 TOMTOMOTOI0 TPATUITIHHUX MOJIEIICH 3 BH-
KOPUCTaHHSIM €KCIIEPHMEHTAIILHIX JAaHUX TBEPIO MOKa3zad, 1o audys3iiiHuii napa-
MeTp — HIUTBHICTD KalIApiB, € OMHAM 3 HalcibHiNmX BrumBiB Ha KPK, ockinbku
Tpaucopt O, B KIiTHHI mudy3iiiHui. BrmodeHHs B MOJeTh — OCHOBY 3aITpOTIOHO-
BAHOI TEXHOJIOTII, IIe OJJHOrO JU(PY3IMHOrO BIUIMBY — HEPIBHOMIPHOCTI PO3MOALTY
MITOXOHIIpiH, Aae 3mory posrisigatu 3Minennii KPK 3 ypaxyBanHSIM 3B s3Ky Mik
HIUTEHICTIO KaIIIPHOT CHCTEMH 1 PO3MIIIIEHHSIM CIIOKUBAYIB KHCHIO. 3aIipOrIOHOBaHA
TEXHOJIOTIS] yMOXITMBUT OITiHIOBaHHA epekTrBHOCTI perymoBanns KPK He Tibku 3a
PaxyHOK KpoB0OOOIry, ajie i IUTSIXOM 3MiH JUHAMIKM MITOXOH/PIH B KJIITHH.

3apyOixkai mocrmimkerHs okpemux KPK 3a monmomororo mMozeni «KIITHHHUA aB-
TOMaT», BiIMIHHOI Bix Hamoi [15], i JaHUX eKCIIepUMEHTIB Ha TBapHHAX ITOKA3aJIH
30ird BUCHOBKIB 3 HAIIMMH, a TAKOXK MiJTBEPIUIA 3HAUUMICTh PO3OALTY MITOXOH/]I-
piii y xiituHi [12—-14]. 3anpornoHoBaHa HAMH TEXHOJIOTIS A€ 3MOTY CTBEPIKYBATH,
IO PO3ITOTIIT MITOXOHIPIi Ma€e pearbHMI iCTOTHMI BIUMB Ha mudysio i KPK [1, 6, §,
12—14]. Sxmo BogHOUYAC BpaxyBaTH BapiaOeNbHICTh MAKCUMATIBHOT OKHUCHOI TTOTYX-
HOCTI MITOXOH/IpIif, TO CTaHE OUCBUIHUM, IO Tij] TIOHATTSAMU CEPEHBOI ITBUAKOCTI
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CIIOKMBAHHS KHCHIO 1 KUCHEBMM 3aITATOM XOBA€ThCSl BEJIMKA PI3HOMAHITHICTH 3Ha-
YeHb CIIOKUBAHHS KUCHIO.

VY nocnimkenusx KPK mroquHy HailBaKIMBIIIMME B3a€MOTIOB'SI3aHUMA (Y-
3ifHIMEU TIapaMeTpaMu (O, B KJITHHI € HEPIBHOMIPHICTH PO3IOIUTY ITOTY>KHOCTEH
MITOXOH/IPIi, @ MDKKAIUISPHI BIJICTaHI OLIHIOIOTHCS PIIKO 1 3 BEIMKUMU TPY/IHOIIA-
M. IXHe pi3HOMAHITTS y peaTbHUX 00'€KTaX YeKae Ha CBOIX JOCIiTHUKIB. MU 3aKiy-
KaeMO JTOCTIJHUKIB pealTbHUX 00'€KTIB 3BEPTATH yBAr'y Ha Mapy «MDKKAITUIIpHA BifIC-
TaHb — HEPIBHOMIPHICTh PO3MOALTY MITOXOHJPIM 1, IO MOMJIMBOCTI OIIHIOBATH 1X
Pa3oM, TaK SIK HEXTYBAHHSI LM 3B'S3KOM 3 METOIO CIIPOLIEHHSI CIIOTBOPIOE YSABY NP0
KHCHEBE TTOCTa4YaHHs MioI|Ta. Y MaiiOyTHROMY MU TUIAHY€EMO PO3IIUPHTH MOXKITABO-
CTi TEXHOJIOTII, BKJIFOYMBIIN B PO3IJISAL JOBUILHUN PO3MOILT MITOXOHAPIN 1 THIIMX
napameTpiB KITHHH. Lle 1acTh MOMKIIMBICTH BUKOPHCTOBYBAaTH Yy PO3paxyHKax KOHK-
pPEeTHI JaHi MPO TETePOreHHICTh BHYTPIIIHBOKIITHHHOTO CEPEeNOBHINA, OTPUMaHi
MOpQOIIOTaMy Ha KHUBOMY 00'€KTi.

[otpibHO migkpecnuTH, Mo nepedynoBa MITOXOHIPIH y pealbHUX KIITHHAX
MOYKe BUKOHYBAaTH OJHE a00 JIeKinbKa pi3HUX (Pi310I0TIYHMX 3aBAaHb 1 PETYJIIO-
BanHsg KPK € HaliBaxuBimoro, ajie He eAnHO0 3 HUX! OTXe, MOXIIHBI BapiaHTH
PO3MOLTY MITOXOHIPIN, HEOOXIIHI JJIs IHIIMX 3aBlaHb, HE O0OB'I3KOBO OyIyTh
kpami ans KPK, amxke cromyueHHs KUTBKOCTI MITOXOHIpiH i TXHS MOTeHLiiHA
MOTYKHICTh — II€ JIBA CTYIEHS CBOOOM, IO CTBOPIOIOTH MEBHUI MPOCTIp IS
cB0oOOHM ixHBOTO BHOOPY v peryismii KPK. IIpartorodn 3 TEXHOIOTIEID, MU 3MO-
i Gi3udHO OOTPYHTYBATH TillOTE3Y, 3TiAHO 3 SIKOIO y pa3i TiMnokKcii MiTOXOHAPIiT
MoxyTh perymosatu KPK pizanMu ciocobamu. 3anpornoHoBaHa TEXHOJIOTIS Ja€
3MOTY PO3TISAATH IIi CIOCOOM, IO 3a0e3ledye MOKIWBICTh Hamalli BUBYATH
BIUIMB peopraHizallii MiTOXOHAPiH, AKUH BUHUKAE B OJHOMY PEXHUMI, JJIs ajar-
Talii KJIITHHU 10 POOOTH B IHIIOMY PEXKHMI.

Chart VO2
[—=— BnokT(BlackT) Encord{Blockd] —«— Bnor3{Hlackd]]
6.0 T T T T
55 1 ]
o
8°°7 ]
-
=3
S 4571 ]
=3
E
E
= 40 1 ]
E %
3.5 + 4
3.0 t t t t
0 5 10 15 20 25
Grid

Puc. 12. Tpadixu VO,
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Chart pO2

[—&— Bnoxi{BlockT) BnorZ(Blockd) —«<— EBEnord{BElockd] ]
35 T T T T
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151 ]

10 + -

Grid

Puc. 13. T'padixu pO,

Ha 3akiH4eHHS Bi3HAYUMO, IO KPIM IMHTaHb PETYISLIl PO3MOIiTy MITOXO-
HApPiH y KIITHHI 1 1Or0 ONTHUMAIBHOCTI, Ki MalOTh TEOPETUUHUH iHTepec, Oe3Miu
poOIT OCTaHHIX POKIB MalOTh MPHUKIAJAHY CHPSIMOBAaHICTh. B HUX MITOXOHIpii
PO3MIIANAIOTE K MillleHb AJIs1 JIIKYBaHHS CEpLEBO-CYyIMHHUX, Helipoaereneparu-
BHHUX 3aXBOPIOBaHb 1, 0c00IUBO, paky [12—15]. OueBUIHO, AOCHIIKCHHS BJac-
TUBOCTEH 1 MOBEMIHKH MITOXOHAPIN OyJiH 1 3aJIAIIAIOThCS BRXKIMBUMHE IS BU-
pIIIIEHHS aKTyaJIbHUX 3aBIaHb (Di310JI0TiT Ta METUITNHH.

Po3po0Gnena indopmariiiHa TEXHOJIOTIS A7l PO3PaxyHKiB MapaMeTpiB KUCHEBOTO
PEXUMY KIITHH CKEJIETHOTO M'si3a 3 HEPIBHOMIPHUM PO3MOJIIOM MiTOXOHIPIH
YMOKITUBITIOE  JTOCII/DKCHHS PO3MOIITY BHYTPIITHBOKIITHHHUX IBUIKOCTEH
CIOKMBaHHsI KHCHIO, HATIPYT KUCHIO, IXHIX 3HA4€Hb KHCHEBOTO 3aIIHTY.

BusiBiieHo HEOOXiTHICTh CYMICHUX €KCHEPUMEHTATBHUX JOCHTIKEHb IILTh-
HOCTI KaIiJIsApiB 1 pO3MOALTY MITOXOHAPIN y KIIITHHI, OO HAOIU3UTH pO3paxyH-
koBi xapakrepuctuku KPK mo peanbHocTi 1 oTpumaru HOBY iH(opMaliro mpo
nusixu perymoBadaa KPK 1 ixHIo eeKTHBHICTS.
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INFORMATION TECHNOLOGY FOR STUDYING
THE OXYGEN REGIME OF MUSCLE CELL

Introduction. On the basis of the mathematical model the information technology for re-
search of oxygen modes of a cell (myocyte) for calculation of distribution of intracellular
rates of oxygen consumption VO2, pO2 pressures, their average values and area of hypoxia
as a set of ratios of VO2 to values of oxygen request is developed.

The purpose of the paper is to create a user-friendly technology for the analysis of the
oxygen regime of the cell with the heterogeneity of mitochondrial oxidative power within the
human myocyte in the blood-cell-mitochondria system. Blood flow, its oxygen-transport
properties, load, capillary geometry, as well as uneven distribution of mitochondria as oxy-
gen consumers are the basic parameter for calculations

Methods. At the stage of mathematical modeling the apparatus of mechanics of con-
tinuous media, differential equations in partial derivatives is applied. Numerical methods,
object-oriented C # programming language, ASP Core technology were used at the stage of
development of information technology of oxygen regime of human muscle cell. The results of
calculations of different modes characterize them as a whole and at different points of the
cell, they are presented in the form of tables, graphs and descriptions of fields in matrix form,
they are easy to compare with each other on one screen.
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Results. The technology is designed to use a standard set of indicators of O, transport and utili-
zation to study the oxygen supply of working human skeletal muscle. It gives a possibility to study
mitochondria under hypoxia that regulate oxygen cell supply by different ways. The proposed tech-
nology allows studying the effect of mitochondrial reorganization that occurs under some conditions,
on the adaptation processes of the cell working under another one. The technology revealed the
importance of the connection between the intercapillary distance and the heterogeneity of mitochon-
dria as a factor influences on tissue oxygen regime.

Proposed information technology revealed the need for joint experimental studies of capillary
density and mitochondrial distribution in the cell to bring the calculated characteristics of oxygen
modes to reality and to obtain new information about the ways of their regulation.

Conclusion. Proposed information technology may be used for study of oxygen mode
parameters in human muscles under adaptation to hypoxia with the aid of mitochondria.

Keywords: information technology, models of transport and utilization of oxygen in muscle,
oxygen regime, muscle cell, hypoxia, mitochondrial heterogeneity, mitochondrial oxidizing
power, intercapillary distance, diffusion.
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