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BIACHULMN:
MunuctapcTBo onbpaHe u Bojcka Cpbuje

M30ABAY:
YHuBepauteT onbpaHe y Beorpaay, BojHa akagemuja

YPEOHWLWTBO: ctpaHuLe unaHosa ypeaHuwTea y ORCID iD-y, Google Scholar-y, Web of Science ResearcherID-y,
Scopus Author ID-y n PUHL-y goctynHu cy Ha http://www.vtg.mod.gov.rs/urednistvo.html
[naBHW 1 OLTOBOPHYU YpeHUK

[p OparaH Mamyvap, YHuBep3uTeT oabpaHe y beorpaay, BojHa akapemuja, Beorpag, Cpbuja,
e-mail: dragan.pamucar@va.mod.gov.rs

YpeAHuk 3a obnact maTemaTuke, MexaHuke 1 padyHapckux Hayka

[Op OparaH Tpudkoswuh, YHuBep3suteT oabpaHe y beorpagy, BojHa akapemuja, Beorpag, Cpbuja
YpepnHuk 3a 0bnact enekTpoHuke, TeNeKoMyHuKauuja u MHHOPMaLMOHUX TEXHOMorvja

[p BobaH BoHyynuh, YHueepautet onbpaHe y Beorpapy, BojHa akagemuja, Beorpaa, Cpbuja
YpeaHuk 3a obnacT MalwmnHCTBa

[Op Bpanumup Kpctuh, YHuBepauteT onbpaHe y beorpapny, BojHa akapemuja, beorpag, Cpbuja
YpeaHuk 3a obnact matepujana u XeMujckux TeXHonoruja

[Op PapgosaH Kapkanuh, YHusep3autet ogbpare y Beorpaay, BojHa akagemuja, beorpag, Cp6uja
TexXHWYKN ypeaHuK

Mp Hebojwa Mahewa, YHuBepautet onbpaHe y beorpapy, BojHa akanemuja, Beorpaa, Cpbuja,
e-mail: nebojsa.gacesa@mod.gov.rs, tel. 011/3603-260, 066/87-00-123

YPEBVBAYKM OBOP:

[p UeaH M'yTmaH, Cpncka akagemuja Hayka U ymeTHocTu, Beorpaa, Cp6uja,

[Op Mpagumup MunosaHosuh, Cpnicka akagemuja Hayka u ymeTHocTu, Beorpaa, Cpbuja,

Op Bu-Xyan Xu, YHusepauteT Cyuoy, akynTeT 3a TEKCTUNHY M 04eBHY TexHuky, Cyuoy, Kuna,

[p OparaH Maweswnh, YHusep3auteT MoHalw, ®akynteT nHdopmaumoHux TexHonorvja, MenbypH, Ayctpanuja,

[p Crojan PapgeHoBuh, YHusepauteT y Beorpaay, MawwuHcku cakyntet, beorpag, Cp6uja,

[Op Mahug Tadana, YHueepauteT la Can, Ogerbete 3a NocnoBHe cucteme u aHanutuky, dunagenduja, CA,

[p BaneHtuH Mono., TexHnuku yHneep3nTeT y bepnuHy, Operbere 3a AnHamuky cuctema v usmnky Tpera, bepnuH, Hemauka,

[p Wankap Yakpaboptu, YHusepautet Jagasnyp, Ofgerbete 3a npon3BogHo MawwuHcTeo, Kankyta, MHauja,

Op Papy-Emun Mpekyn, YHueepauTeT MonutexHuka y Temuwsapy, Temuwsap, PymyHuja,

[p Jypruta AHTyLxeBu4m, TexHnukn yrueepsnteT MeanmuHac y Bunwycy, MpafesnHckn dakynteT, Bunwyc, utBanuja,

[p Bnagumup Metposuh, YHueepsuteT y Hosom Capy, ®akynteT TexHuykux Hayka, Hou Cap, Cpbuja,

[p. Capdapas XawemxaHu 3ondanu, Katonuyku yHnBep3autet Cesep, TexHuukn dakyntet, AHTodaracta, Yune,

Ip Cpehko JokcumoBuh, YHueepauteT y JyxHoj Ayctpanuju, Ageneja, Ayctpanuja,

[p Mapta3 Na3paH, Wkona 3a 6usHuc n mapkeTuHr ESIC, Magpug, Wnawnwja,

[Op MpaceHunt Yatepun, MHCTUTYT 3a uHxerwepctBo MCKV, Ogerberwe 3a MallMHCTBO, XoBpax, MHauja,

[p CteBaH bepbep, YHusepauteT y OknaHay, Onerberse 3a enekTpoTexHUKY 1 padyHapcko uHxersepcTso, Oknanz, Hosu 3enaHs,

[p ®aycro KaBanapo, YHusep3auteT y Monucey, Operbete 3a ekoHoMUjy - Oferbere 3a XUBOTHY CPEANHY 1 eHeprujy,
Kamno6aco, Utanvja,

Op Xamug M. Ceauuv, YrusepauteT Wexug Yampam y Axeasy, Oferbetbe 3a MalwmHcTBo, AxBas, MpaH,

[Op Xersko CteBuh, YHuBep3auteT y UctouHom CapajeBy, Caobpahajuu dakyntet, lo6oj, Penybnuka Cpncka, BuX,

[p Xamepn ®asnonaxrtabap, YHusep3auteT flamran, Oferbewe 3a MHAYCTPUCKO MHXerepcTBO, [lamraH, MpaH,

[p Japocnas Batpo6cky, YHuBepauTeT y LLuehuHy, ®akynTteT 3a ekoHoMUjy, prHaHcuje v MeHaymenT, LLuehuH, Morbeka,

[p Kpuctnaro ®paraca, YHusepauteT y bonown, Operbere 3a MHAYCTPUjCKO MHXEHEPCTBO, bonowa, Utanuja,

Ip Cpehko Ctonuh, TexHn4uku yHnBepanTeT y AXeHy, IHCTUTYT 3a npoLiecHy MeTanyprujy u peuuknvpare metana, AxeH, Hemauka,

[p Bojuex CanabyH, 3anagHonomMepaHCKku TEXHOMOLWKM YHUBep3uTeT y LLuehuHy, ®akynteT payyHapckux Hayka u
MHopmaLmoHux TexHonoruja, WyehwuH, Morbcka,

[p Nesa MeunpyTte-KaBanuayckuere, BojHa akagemuja Jiutsanuje ,leHepan Jonac Xemautuc®, BurbHyc, JlutBanuja,

[p Wapka MajepoBa, YHuBepauteT ogbpare y bpHy, Oferbete 3a Matematuky u dusuky, bpHo, Yewka Penybnuka,

[p ®atunx Euep, YHueepautet AcdmoH Kohatene, PakynTeT 3a ekOHOMUjy ¥ aAMUHUCTpaTUBHE Hayke, AdmoHkapaxucap, Typcka,

Op Munow bykuh, YHnepautet y beorpagy, Mawwxckn dakyntet, Beorpaa, Cpbuja,

[Op Xersko hyposuh, YHuBepautet y Beorpapy, EnektpotexHuyku dakyntet, beorpag, Cpbuja,

[Op EpHecto [.P. CaHTubaHe3 MoH3anes, YHuBepauteT y Tanku, Oferbere 3a UHAYCTPUjCKO UHXeHepcTBo, Tanka, Yune,

[p Oparad MapuHkosuh, TexHW4Kk1 yHuBep3nuTeT y bepnuHy, ®akynteT 3a MalLMHCKe U TpaHCMOpTHe cucTeme, bepnnn, Hemauka,

[p CtedbaHo BaneaHo, YHuepauteT Kope y EHn, Opferbetbe 3a Ba3ayxonnoBHW MHxewepuHr, EHa, UTanuja,

[Op Padan MagoHcku, YHusepauteT buHaH, LieHTap 3a nctpaxusame enektpuyHe eneprije, lN'yanriyoy, Kuna,

Op AHa KocTos, MHcTUTYT 3a pynapcTBo 1 meTanyprujy, bop, Cpbuja,

[Op AnekcaHpap [opoxoB, HaumoHanHu eKoHOMCKY YHUBEP3WUTET, KaTeapa 3a MHopMaLMoHe cucTeme, XapkoB, YKpajuHa,

[Op 3opaH Mutposuh, YHueepautet y Bawoj llyun, EnektpotexHuyku dakyntet, bawa fyka, Penybnuka Cpncka, BuX,

[Op Bykuua JoBaHoswh, YHusepautetT Ong JdomunnoH, Hopdonk, CAL,

[Op Bojan 3pHuh, YHuBepauteT onbpaHe y Beorpaay, BojHa akagemuja, Beorpaa, Cpbuja,

Op Munenko Anapuh, YHneepauteT ogbpaHe y beorpaay, BojHa akagemuja, Beorpag, Cpbuja,

[Op Muxaen byuyko, YHuBep3uTeT onbpaHe y beorpaay, BojHa akagemuja, Beorpag, Cpbuja,

Op Camapyut Kap, HauvoHanHu nHcTutyT 3a TexHonorvjy, Operberse 3a matematuky, flypranyp, MHauja,

[Op Hukona ®abuaHo, YHuBep3uTeT y beorpaay, HCTUTYT 3a HykneapHe Hayke ,BuHua“, Beorpaa, Cpbuja,

[p Uarnap Kapamaca, AHagonujcku yHuBepauTeT, ®akynTeT 3a NocnoBHy aaMuHuUcTpaumjy, Eckuwexup, Typcka,

[p Pocen Mutpes, TexHuukn yHusepautet y Coduju, Coduja, byrapcka,

Ip Mygacup JoyHuc, YHUBEP3UTETCKN TEXHONOLWKN UHCTUTYT-PITIB, Bonan, MHawja,

[p Bojan MunaHosuh, YHuBepauteT ogbpaHe y beorpaay, Bojha akagemwja, Beorpaa, Cpbuja,

Op Wpuk MyxamensjaHos, [ipxxaBHU HadhTHU TEXHOIOLWKM YHUBEP3NTET y Yu, Yda, Pycka ®enepaumija,

Ip Nasen Otpucan, YHusepautet MNanauku, Onomoyu, Yewwka Penybnuka,

[p PapgosaH PapgoBaHoBwh, KpuMuHanuctuyko-nonuumjcku yHusepautet, beorpaa, Cpbuja.
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COBCTBEHHUKWN: MuHnctepctBo 060poHbl M BoopyxéHHble cunbl Pecnybnuku Cepbus
N3OATENBCTBO: YHuBepcuteT 060poHbl B 1. Benrpaa, BoeHHas akagemus

PEOAKUMNA: co ctpaHuuamm unexos pegakumm B8 ORCID iD, Google Scholar, Web of Science ResearcherID, Scopus Author
ID 1 PUHL, MmoxHO 03HakoMUTbCS Ha cainTe http://www.vtg.mod.gov.rs/redakcia.html

[MaBHbI 1 OTBETCTBEHHbIVA peaakTop

[-p Oparax Namyyap, YHuBepcutet ob6opoHsl B r. Benrpapa, BoeHHas akagemus, r. Benrpag, Cepbus,
e-mail: dragan.pamucar@va.mod.gov.rs

PepakTop B o6nactsix: MaTemaTuka, MexaHuka 1 nHcopmaTuka

[-p Oparax TpudkoBud, YHuBepcuteT obopoHsbl B . benrpaa, BoeHHasi akagemus, r. Benrpag, Cep6usi
PepakTop B 06nacTsix: 3NeKTpoHMKa, TENEKOMMYHUKaLUU U MHEHOPMALMOHHbIE TEXHOMOTUN

[-p BobaH BoHaxynuy, YHuBepcuteT o6opoHsbl B I. benrpaa, BoeHHas akapemus, r. benrpaa, Cepbusi
PepakTop B 06nacTu: MalwWMHOCTpOeHue

[-p Bpanumup Kpctuy, YuusepcuteT o6opoHbl B . Benrpaa, BoeHHas akagemus, 1. Benrpag, Cep6usi
PepakTop B o6nactsix: MaTepuanoBefeHue 1 XMMUYeckne TeXHONOornm

[-p Paposax Kapkanuu, YHuBepcuteT o6opoHsbl B r. benrpaa, BoeHHas akagemus, r. benrpap, Cepbus
TexHUYeCKni pegakTop

Kangnpat TexHuyecknx Hayk Hebonwa Mavewa, YHuBepcutet o6opoHsbl B r. benrpag, BoeHHas akagemus,
r. Benrpag, Cep6us, e-mail: nebojsa.gacesa@mod.gov.rs, Ten. +381 11 3603 260, +381 66 87 00 123

PEOAKLIMOHHAA KONNETNA:

[-p MBaH N'yTmaH, CepbGekas akagemusi Hayk M uckyccTs, r. benrpag, Cepbus,

[-p M'pagumnp Munosarosuy, Cepbekast akageMust Hayk 1 uckyccTs, r. benrpag, Cepbus,

O-p Dxu-Xyan Xu, YHusepcuteT Cyuxoy, dbakynbTeT TEKCTUNSA M Npon3BoacTBa oaexabl, r. Cyuxoy, Kutan,

[-p OparaH Maweswny, YHuBepcuteT MoHalw, dakynbTeT MHOPMaLMOHHbIX TeXHonorwii, r. MenbbypH, ABcTpanus,

[-p CrosH PapeHoBuY, Benrpaackuii yHUBEPCUTET, MaLUMHHOCTPOUTENBHLIN hakynbTeT, r. Benrpaa, Cepbus,

[O-p Mapxup Tadbana, YHuBepcuTteT Jla Canb, AenapTameHT BusHec-cuctem u aHanutukm, r. dunagendus, CLUA,

[-p BaneHTuH Monos, BepnnHCKnin TEXHUYECKUIA YHUBEPCUTET, AenapTaMeHT AMHAMMUKN CUCTEM U (DU3UKN TPEHUS,
r. bepnuH, lepmanus,

[-p WaHkap YakpabopTu, YHuBepcuteT [kanasnyp, AenapTamMeHT Npon3BOACTBEHHbLIX MaLUWH, . KanbkyTTa, NHaus,

[-p Pagy-Emun Mpekyn, MonutexHnyeckuin yHnsepcuteT Tumuwoapsl, r. Temuwyapa, PymbiHus,

[-p FOpruTta AHTy4eBMUMEHE, BUNBHIOCCKUIN TEXHUYECKNA YHUBEPCUTET UMeHMN ['eMMmMHaca, CTpoUTerbHbIN (hakynbTeT,
r. BunbHioc, Nutea,

[-p Bnagnumup MeTtposuy, HoBu-caackuii yHmBepcuteT, dakynbTeT TEXHUYECKNX Hayk, . Hosn-Cag, Cepbus,

[-p Capdapas Xawemxanu 3ondanu, Katonuyeckuin yHmBepcuteT ceBepa, TEXHUYECKWiA chakynbTeT, r. AHTodaracta, Yunu,

[-p Cpeuko Mokcumosuy, YHuBepceuTeT KOxHoi ABCTpanuu, r. Anenanaa, Asctpanus,

[-p Mapta3 WNasgaH, LWkona 6usHunca n mapkeTtuHra ESIC, r. Magpua, Vcnaxus,

[-p Npacengxut Yatepmku, MHcTuTyT nixeHepun MCKV, genaptaMeHT MaluMHOCTpoeHus, r. Xaopa, UHaus,

[-p CteBaH Bepbep, OkneHACKUI YHUBEPCUTET, AENapTaMeEHT ANEKTPOTEXHWUKM 1 KOMMbIOTEPHON UHXeHepun, r. OkneHs,
Hoeas 3enaHgus,

[-p ®aycto KaBanapo, YHuBepcutet Monuae, akoHomMuyeckuii hakynbTteT [lenapTaMeHT OKpYXaroLen cpelbl U aHepreTuku,
r. Kamnobacco, Utanus,

[-p Xamug M. Ceanaxu, YrusepcuteT LWaxuaa YampaHa B AxBase, AenapTaMeHT MaluMHOCTpoeHus, r. Axeas, MpaH,

[-p Kenbko CTeBuy, BocTouHo-CapaeBckuil yHUBEPCUTET, TPaHCMOPTHbIN dakynbTeT, r. [loboit, Pecnybnuka Cepbekas, bul,

[-p Xamepn ®asnonaxtabap, YHuBepcutet [Jamrana, AenapTaMeHT NpoMbILLNEHHO NHXeHepuu, T. JamraH, UpaH,

[-p Apocnas Batpobcky, LeunHckuin yHnBepenTeT, hakyrbTeT SKOHOMUKM, PUHAHCOB U MeHeXMeHTa, I. LeuuH, MonbLua,

[-p Kpuctnano ®paraca, bonoHckuin yHrBepcuTeT, AenapTamMeHT NPOMBbILLIEHHO MHXeHepuK, r. BonoHbs, Utanus,

[-p Cpeyko Ctonuy, TexHUYeckuin yHUBEPCUTET AXEHa, AenapTaMeHT MeTannypriuyeckux TEXHonommii n o6paboTku
meTannos, r. AxeH, FepmaHus,

[-p Boituex CanabyH, 3anagHo-lNMomepaHckuil TEXHONOTMYECKUIA YHUBEPCUTET B T. LLleunH, dakynbTeT KOMMLIOTEPHBIX HayK
1 MHPOPMALIMOHHBIX TexHonoruii, r. LeuuH, MonbLua,

[-p Vesa MenayTte-KaBanunayckvere, JlutoBckas BoeHHasi akagemus uMm. reHepana Monaca Xemaittuca, r. BunbHioc, utea,

[-p Wapka MaepoBsa, YHuBepcuteT 060poHbI B I. BpHO, hnanko-MaTemaTuyeckuin fenapTameHT, r. BpHo, Yewickas Pecny6nuka,

[-p ®atux Euep, YHusepcutet AdboH Kopxatene, ®akynbTeT AenoBoro agMMHUCTpUpoBaHus, r. AdboHkapaxucap, Typums,

[O-p Munow [xykuy, Benrpagckuin yHuBepcuTeT, MalMHOCTPOUTENbHLIA hakynbTeT, r. benrpaa, Cepbus,

[-p Xenbko [xypoBuy, Benrpanckuii yHUBEPCUTET, SNEKTPOTEXHUYECKNIA dhakynbTeT, r. Benrpaa, Cepbus,

[-p OpHecto [1.P. CaHTnGaHe3 MoH3anes, YHuBepcuteT Tanbku, AenapTaMeHT NPOMbILLNEHHON UHXeHepuy, T. Tanbka, Yunu,

[-p Aparad MapuHkoBuY, BEPNNHCKWIA TEXHUYECKUIA YHUBEPCUTET, hakynbTeT MALUMHOCTPOUTESbHBIX U TPAHCMOPTHBIX
cuctem, r. bepnuH, Fepmanus,

[-p CredbaHo BansaHo, YHuBepcutet Kope OHHa, AenapTaMeHT aBUaLMOHHO UHXeHepuu, r. JHHa, UTtanus,

[-p Pachan MapoHxcku, YHusepcuteT LisnHaHb, LieHTp aHepreTuyeckux nccnenosanwii, r. lyaHuxoy, Kutai,

[-p AHa KocToB, MHCTUTYT rOpHOI NPOMBILLNEHHOCTM U MeTannypruu, 1. bop, Cepbus,

[-p Anekcanap [lopoxoB, HaumoHanbHbIN 3KOHOMUYECKUIA yHUBEPCUTET, kadbeapa MHOPMaLIMOHHbIX CUCTEM, . XapbKoB, YkpanHa,

[-p 3opaH MutpoBuy, baHs-Jlykckuii yHuBepcuTET, aneKkTpoTexHuYeckuin dbakynbTeT, r. bans-Ilyka, Penybnuka Cep6ekas, bul,

[-p Bykuua VoBaHoBWNY, Yuusepcutet Ong JomuHuoH, r. Hopgonk, CLUA,

[-p Bosit 3pHuy, YHuBepcutet obopoHsl B r. Benrpan, BoeHHasi akagemus, r. benrpag, Cepbus,

[-p Munenko AHapuy, YHuBepcuteT o6opoHbl B 1. benrpaa, BoeHnHas akagemus, r. Benrpaa, Cepbus,

[-p Muxaen Byuyko, YHusepcuteT o6opoHbl B . benrpaa, BoeHHas akagemus, r. benrpaa, Cepbus,

[O-p Camapmxut Kap, HaumoHanbHbIn TEXHONOTMYECKUIA MHCTUTYT, AenapTamMeHT matemaTtuku, r. dypranyp, NHawns,

[-p Hukona ®abuaHo, benrpaackuii ynmepcutet, UHCTUTYT sgepHbix Hayk «BuHyax, r. benrpaa, Cepbus,

[-p Larnap Kapamaca, AHaTonuickuii yuusepcuteT, ®akynbTeT 4eNOBOro agMUHUCTPUPOBaHWUS, . ckuwexup, Typums,

[-p Pocen Mutpes, Coduiickuii TexHudeckuii yausepcuteT, . Codus, bonrapus,

[-p Myaacup VloyHuc, YHuBEpCUTETCKMIA TeXHONOrMYeckui MHCTuTyT-PITIB, r. Bxonan, NHaus,

[-p BosH MunanoBuy, YHuBepcuteT obopoHbl B I. Benrpag, r. benrpag, Cep6us,

[-p Npuk MyxameT3sHoB, YUMCKUI rocyapCTBEHHbIN HE(TAHON TEXHUYECKUI YHUBEpeuTeT, . Ya,
Poccuiickas ®epepauus,

[-p Masen Otpucan, YHusepcutet Manaukoro, Onomoyu, Yewckas Pecnybnuka,

[-p PapoBaH PagoBaHoBWY, YHUBEPCUTET KPUMUHANWUCTUKM W NONMLENCKOW NoaroTosku, r. benrpapa, Cepbus.
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Abstract:

Introduction/purpose: Althought many methods have been proposed to
deal with the problem of material selection, there are inherent defects of
additive algorithms and subjective factors in such methods. Recently, a
probability-based multi—objective optimization was developed to solve the
inherent shortcomings of the previous methods, which introduces a novel
concept of preferable probability to reflect the preference degree of the
candidate in the optimization. In this paper, the new method is utilized to
conduct an optimal scheme of the switching material of the RF-MEMS
shunt capacitive switch, the sintering parameters of natural hydroxyapatite
and the optimal design of the connecting claw jig.

Methods: All performance utility indicators of candidate materials are
divided into two groups, i.e., beneficial or unbeneficial types for the
selection process; each performance utility indicator contributes
quantitatively to a partial preferable probability and the product of all partial
preferable probabilites makes the total preferable probabilty of a
candidate, which transfers a multi—objective optimization problem into a
single—objective optimization one and represents a uniquely decisive
index in the competitive selection process.

Results: Cu is the appropriate material in the material selection for RF -
MEMS shunt capacitive switches; the optimal sintering parameters of
natural hydroxyapatite are at 1100 € and O compaction pressure; and the
optimal scheme is scheme No 1 for the optimal design of a connecting

claw jig.
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Conclusion: The probability-based multi-objective optimization can be
easily used to deal with an optimal problem objectively in material
engineering.

Key words: multi-objective optimization, probability theory, preferable
probability, material engineering, scheme selection.

Introduction

It has been more than 40 years (Ashby, 2000) since early works in
material selection appeared; many methods have been proposed to
analyze a big amount of data involved in the material selection process
SO as to obtain an appropriate result.

Various algorithms (techniques) have been developed, including
Ashby’s method (Ashby, 2000; Ashby et al, 2004), Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS), Vise Kriterijumska
Optimizacija Kompromisno Resenje (VIKOR), Multi Attribute Decision
Making (MADM), Analytical Hierarchy Process (AHP), Simple Additive
Weighted (SAW) method and Multi-Objective Optimization on the basis
of Ratio Analysis (MOORA), etc (Zheng et al, 2021). Ashby’s method is
difficult to be applied in cases which involve multiple criteria of selection
(Ashby, 2000; Ashby et al, 2004; Zheng et al, 2021). Deshmukh et al
employed the multi—objective optimization (MOO) techniques of TOPSIS
and VIKOR to perform the material selection of the switching structure

for RE-MEMS shunt capacitive switches (Deshmukh & Angira, 2019).
However, there exist inherent problems of additive algorithms and
subjective factors in the MADM, AHP, MOORA, TOPSIS and VIKOR due
to their fatal scaling or normalization processes (Zheng et al, 2021).
Recently, a new probability-based multi-objective optimization
method was developed (Zheng et al, 2021), attempting to solve the
inherent problems of personal and subjective factors in the previous
multi—objective optimization methods. The novel concept of preferable
probability was introduced to reflect the preference degree of a candidate
in the optimization where all performance utility indicators of candidates
are divided into beneficial or unbeneficial types for the selection. Each
performance utility indicator of a candidate contributes to a partial
preferable probability quantitatively, and the total preferable probability of
a candidate is the product of all partial preferable probabilities from the
viewpoint of the probability theory, which is the overall and unique
decisive index in the competitive selection process. The new multi-
objective optimization method was also extended with the application of
the multi-objective orthogonal test design method (OTDM) and the

2D



uniform test design method (UTDM), which results in appropriate
achievements (Zheng et al, 2021).

In this paper, the new probability-based multi-objective optimization
method is used to perform the optimal scheme in material engineering,
which includes the selection of switching material of the RF-MEMS shunt
capacitive switch, the optimization of the sintering parameters of natural
hydroxyapatite and the optimal design of a connecting claw jig.

Brief introduction to the new multi—objective
optimization method

In the new probability-based multi-objective optimization method
(Zheng et al, 2021), a beneficial utility index of material performance
indicator contributes to a partial preferable probability in a positively
linear manner, i.e.,

Pij = ai,-Xi,-, i= 1,2,...n; j =1,2,.m. (1)

In Eq. (1), Xj is the j" beneficial utility index of the material
performance indicator of the i candidate material; Pj represents the
partial preferable probability of the beneficial utility index Xj; n is the total
number of candidate materials in the material group involved; m is the
total number of the utility indices of each candidate material in the group;
o is the normalized factor of the ™ utility index of the material

performance indicator, ¢;; =1/(nX;), and X is the arithmetic mean

value of the utility index of the material performance indicator in the
material group involved.

Equivalently, the unbeneficial utility index of the material
performance indicator contributes to a partial preferable probability in a
negatively linear manner, i.e.,

Pij = Gi(Xjmax + Xjmin - Xi), i=1,2,..,n;j=1,2,.m. (2)

In Eg. (3), Xjmax and Xjmin represent the maximum and minimum
values of the utility indices X; of the material performance indicator in the
material group, respectively, and £ is the normalized factor of the j" utility
indices of the material performance indicator, g =1/[n(X,,, + ij)—n)?j].

Moreover, the total / comprehensive preferable probability of the it
candidate material is the product of its partial preferable probability Pj of
each utility index of the material performance indicator in the overall
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selection due to the “simultaneous optimization” of the multi-objects in
the viewpoint of probability theory (Zheng et al, 2021), i.e.,

m
PiZPil'PiZ"'Pim:HPij- (3)
j=1

The total preferable probability of a candidate is the uniquely
decisive index in the overall selection process competitively, which
transfers a multi-objective optimization problem (MOOP) into a single —
objective optimization one. The main characteristic of the new probability-
based multi-objective optimization is that the treatment for both
beneficial utility index and unbeneficial utility index is equivalent and
conformable, which is without any artificial or subjective scaling factors
involved in the process.

Application of probability-based multi—objective
optimization in material engineering

1) Multi—objective optimization in the material selection of
RF-MEMS shunt capacitive switches

Radio Frequency Micro Electro Mechanical Systems (RF-MEMS) is
a promising technology for implementing passive devices in future
wireless communication systems (Deshmukh & Angira, 2019). Switches
have drawn more attention due to their frequent use in many cases in
wireless communication systems. An RF-MEMS technology-based
switch has low insertion loss, high isolation, high linearity and less power
consumption (Deshmukh & Angira, 2019). Its shunt capacitive switch has
two stable states i.e., up-state and down-state (Deshmukh & Angira,
2019). Power can flow from the input port to the output port in the switch
upstate, while it stands at the off-state in its down-state (Deshmukh &
Angira, 2019; Angira & Rangra, 2015a; Angira & Rangra, 2015b).

The optimization of the performance of the switching structure
involves many parameters (criteria), such as pull-in voltage, RF response
(insertion loss and isolation), maximum displacement, thermal
conductivity, etc (Deshmukh & Angira, 2019; Angira & Rangra, 2015a;
Angira & Rangra, 2015b). Since many parameters are involved, it can be
seen as a MOOP in the performance optimization of the switching
material selection. Therefore, a MOOP can be used to decrease human
effort since a large number of materials are available in practice, forming
a material bank together with many manufacturing processes and
selection attributes (Zheng et al, 2021).
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Yang et al pointed out that if different normalization methods are
applied, significant different results may be produced (Yang et al, 2021).
Podviezko et al also stressed that different normalization of data applying
to popular MCDM methods such as SAW or TOPSIS could lead to
significant differences in the assessment (Podviezko & Podvezko, 2015).
As a consequence, many researchers paid a lot of attention to the choice
of the normalization type. However, it is still puzzling which normalization
method is better and how to determine final results of material selection
from different normalization algorithms.

A) Utility indices of the material performance indicators in the material
selection of RF - MEMS shunt capacitive switches

In the study of Deshmukh & Angira (2019), the optimal objectives for
this purpose are low pull-in voltage, low RF loss, high thermal
conductivity and maximum displacement of the beam structure. As a
result, the square root of Young's modulus of the material E°®, the
electrical resistive coefficient pe, the thermal conductivity of the material 4,
the ratio of the fracture strength ot to Young’'s modulus E of the material,
alE, are taken as the optimal utility indices of the material attribute
indicators (Deshmukh & Angira, 2019).

B) Divisions of the utility indices in the material selection of RF - MEMS
shunt capacitive switches

From analyzing the requirements of the optimizations of the bridge
of RF-MEMS shunt capacitive switches, i.e., higher pull-in voltage (Vp),
lower RF loss, higher thermal conductivity and the higher maximum
displacement of the switch beam (Deshmukh & Angira, 2019), the utility
indices of the square root of Young’s modulus of the material, E°®, the
thermal conductivity of the material, 4, the ratio of the fracture strength o
to Young’'s modulus E of the material, a&/E, belong to the beneficial type
of the material performance index, while the electrical resistive coefficient,
pe, belongs to the unbeneficial type of the material performance index in
the assessment.

C) Assessment results

The values of the conventional material performance indicators for
various materials are given in Table 1 (Deshmukh & Angira, 2019).

The partial preferable probabilities of the utility indices of E®°, 1 and
pe and ot /E and the total preferable probabilities are assessed according
to Equations (1) through (5), respectively, shown in Table 2. In addition,
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the ranking here by using the new probability-based multi—objective
optimization method is given in Table 2 together with those of Vikor and
Topsis from Ref. (Deshmukh & Angira, 2019) for comparison.

Table 1 — Conventional material performance indicators for various materials (Deshmukh
& Angira, 2019)
Tabnuuya 1 — CmaHdapmHbie nokasamesnu aghghekmusHocmu Mamepuarsos 0ns
pasnuyHbix mamepuasios (Deshmukh & Angira, 2019)
Tabena 1 — lHOukamopu yobu4ajeHux nepghopmMaHcu Mamepujana 3a pasudume
mamepujane (Deshmukh & Angira, 2019)

, Electrical
Young’s resistive Thermal Fracture (aE)
Mat. | modulus coofficient conductivity | strength 5103
E (GPa) e (Q m) 10 A (W/m-K) ot (MPa)
Ni 193 6.99 90 345 1.7876
Au 70 244 315 220 3.1429
Al 70 2.82 204 47 0.6714
Ag 83 1.59 407 110 1.3253
Pt 168 10.5 73 125 0.7440
Cu 117 1.68 386 314 2.6838
Cr 279 12.9 90 370 1.3262
W 411 5.28 163 1725 4.1971
Co 209 6.24 69 675 3.2297
Fe 211 9.61 73 540 2.5592

Table 2 — Partial preferable probabilities and total preferable probabilities for various
materials for shunt capacitive switch optimization
Tabnuuya 2 — Yacmu4Hbie npednoymumeribHbie 8eposimHocmu u obujue
npednoYymumeribHble 8epossmHocmu Or1s pa3nuyHbIX Mamepuasos rpu onmumusayuu
EeMKOCMHO20 WyHMupyu,eeo nepeknyamerns
Taberna 2 — [JenumuyHe roxesrbHe eeposamHohe u yKyrnHe rnoxesbHe seposamHohe 3a
pasnuyume Mamepujane y onmumusayuju KanayumusHoe npexkudaya waHma

Mat. | Pews Pre P, Poe | P10 EZ?: \F;ﬁ‘(';': TF;%r;'i‘s
Ni 0.1073 | 0.0884 | 0.0481 | 0.0825 | 0.3766 6 6 6
Au 0.0646 | 0.1420 | 0.1684 | 0.1451 | 2.2423 3 1 1
Al 0.0646 | 0.1375 | 0.1091 | 0.0310 | 0.3005 7 4 4
Ag 0.0704 | 0.1520 | 0.2176 | 0.0612 | 1.4242 4 3 3
Pt 0.1001 | 0.0470 | 0.0390 | 0.0343 | 0.0631 10 8 9
Cu 0.0835 | 0.1510 | 0.2064 | 0.1239 | 3.2248 1 2 2
Cr 0.1290 | 0.0187 | 0.0481 | 0.0612 | 0.0712 9 10 10
W 0.1566 | 0.1085 | 0.0872 | 0.1937 | 2.8697 2 9 7
Co 0.1117 | 0.0972 | 0.0369 | 0.1490 | 0.5971 5 5 5
Fe 0.1122 | 0.0575 | 0.0390 | 0.1181 | 0.2975 8 7 8
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It can be seen from Table 2 that the appropriate material from the
new multi-objective optimization method is Cu, which is different from
those of Vikor and Topsis from (Deshmukh & Angira, 2019); this is
because of the inherent defects of personal and subjective factors in
Vikor and Topsis (Deshmukh & Angira, 2019).

In fact, the evaluation result of the new probability-based method for
multi—-objective optimization in material selection is no need to equal to
those of other previous approaches exactly due to their involvements of
personal or other subjective coefficients.

2) Optimization of sintering parameters of natural hydroxyapatite

Abifarin conducted the optimization of hydroxyapatite (HAp)
mechanical characteristics using Taguchi grey relational analysis design
which includes hardness and compressive strength (Abifarin, 2021).
Three levels of sintering temperature and two levels of compaction
pressure are employed during sintering (Abifarin, 2021). The design and
the results are shown in Table 3. Again, the probability-based multi-
objective optimization is used to conduct the assessment with hardness
and compressive strength as the beneficial type index. The evaluation
results are shown in Table 4.

Table 3 — Design and the results of HAp

Tabnuya 3 — Paspabomka u pe3ynbmamsl 2u0pokcuanamuma
Tabena 3 — lNpojekmosarbe u pesynmamu xudpokcuanamuma

No Pressure Temperature Hardness Compressive
°C Strength

1 0 900 0.54 0.39

2 0 1000 0.838 0.58

3 0 1100 0.940 0.84

4 5 900 0.656 0.34

5 5 1000 0.929 0.5

6 5 1100 1.103 0.69

Table 4 — Evaluation results of HAp
Tabnuya 4 — Pe3ynbmambl OUEHKU 2udpokcuanamuma
Tabena 4 — Pesynmamu oueHe xudpokcuanamuma

Partial preferable probability Total
No | Hardness Strength Pt*10? Rank
1 0.1079 0.1168 1.2596 6
2 0.1674 0.1737 2.9069 3
3 0.1878 0.2515 4.7225 1
4 0.1311 0.1018 1.3340 5
5 0.1856 0.1497 2.7781 4
6 0.2203 0.2066 4.5518 2
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Table 4 indicates that the optimal sintering parameters of natural
hydroxyapatite are at 1100°C and O compaction pressure.

3) Optimal design of a connecting claw jig

Yan et al conducted the multi-objective optimal design of a
connecting claw jig with ANSYS Workbench finite element analysis
software (Yan et al, 2021). The maximum equivalent stress (MPa) Y1, the
weight (kg) Yz, the minimum safety factor Ys; and the maximum
deformation (mm) Y, of the claw jig are taken as the optimization
objectives, while the thickness of the substrate FD; (mm) X1, the angle of
the connecting claw Al (°) x., the thickness of the connecting claw FD-
(mm) Xz, and the outside diameter of the jig base R1 (mm) x4 are taken as
the input variables.

After the simulation and the analysis, three candidate schemes with
good objective functions are selected by the system, as shown in Table 5.
The object Y3 is a beneficial type index, while Yi, Y2 and Y, are all
unbeneficial type indexes. The evaluation results are shown in Table 6.

Table 6 shows that the optimal scheme is scheme No 1.

Table 5 — Three candidate schemes of the connecting claw jig
Tabnuya 5 — Tpu 803MOXHbIE CXeMbI Kynadkoeol Mycbmab!
Tabena 5 — LLleme mpu kaHOuOama 3a KaHyacmy criojHuuy

. X1 x2 (°) X3 Xa Y1 Y2 v Ya
onginal | (mm) | ** (mm) | (mm) | (MPa) | (kg) ° | (mm)
scheme ™ "5g 79 38 325 | 151.22 | 6.176 | 1.6532 | 1.171

1 54.125 | 73.13 | 35.414 | 31.051 | 128.42 | 5.615 | 1.9467 | 0.923
2 48.125 | 73.77 | 37.982 | 32.395 | 143.31 | 5.577 | 1.7444 | 1.043
3 46.625 | 76.38 | 39.908 | 30.715 | 161.48 | 5.620 | 1.5482 | 1.375
Table 6 — Evaluation results of the connecting claw jig
Tabnuya 6 — Pe3ynbmamb! OUEeHKU Kyraykosol Mycbmb!
Tabena 6 — Pe3ynmamu oyeHa KaHyacme crojHuye
N Partial preferable probability Total
0.
Y1 Y2 Y3 Ya Pt*100 Rank
0.3700 0.3327 0.3716 0.3870 1.7697 1
0.3358 0.3349 0.3329 0.3532 1.3229 2
3 0.2942 0.3324 | 0.2955 0.2598 0.7507 3
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Conclusion

The application of the new probability-based multi—objective
optimization method in dealing with three optimal problems of material
engineering has shown that: the appropriate material (Cu) is successfully
selected, which meets the requirements of the optimizations of the bridge
of RF - MEMS shunt capacitive switches; the optimal sintering
parameters of natural hydroxyapatite are at 1100°C and 0 compaction
pressure; and the optimal scheme of the connecting claw jig is scheme
No 1. The main feature of the new probability-based multi—objective
optimization method is that the treatment is equivalent and conformable
for both the beneficial utility index and the unbeneficial utility index,
without any artificial or subjective scaling factors involved in the process.
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MPUMEHEHWE MHOIOLENEBOW ONTUMU3ALINWN,
OCHOBAHHOW HA BEPOSATHOCTW B MATEPVANOBEOEHN

MaoweHz Yx3H

CeBepo-3anagHbii MONUTEXHUYECKNA YHUBEPCUTET,
daKkynbTeT XMMUYECKOW UHXEHEPUN,

r. CnaHb, HapogHas Pecnybnuka Kutan

PYBPUKA TPHTW: 27.00.00 MATEMATUKA:
27.47.00 MaTtemaTtuyeckas KnbepHeTuka;
27.47.19 WNccneposaHue onepawmin,
45.00.00 SNEKTPOTEXHUKA:
45.09.00 OnekTpoTexHnyeckme matepuansl
BWO CTATbW: opurmHanbHasa Hay4yHas cTatbs

Pe3swome:

BeedeHue/uens: Hecmomps Ha mo, 4ymo cywecmsyem MHOXecmeo
memodos peweHusi npobnembl 8blbopa Mamepuana Ha OCHO8e
addumueHbIX afl2opummMmos, makue anzopummbl Mo ceoeli cymu
codepxam Hedocmamku U cybbekmueHble c¢hakmopsl. C uenbio
rnpeodoneHuss Hedocmamkoe amux memodos, HedasHO bbina
paspabomaHa MHO20KpumepuarsbHasi 8epOoSMHOCMHas
onmumu3ayusi, Komopasi esodum Ho8Y0 KOHUenuuro
npednoymumesibHol  8epPOsIMHOCMU,  10Ka3bi8aWyrd  CmerneHb
npednoymumenibHocmu kaHOulama & rpouecce onmumusayuu. B
OaHHOU cmambe Uucronb3yemcsi Hoebll mMemod 6 paspabomke
onmumarsibHol cxembl Mamepuana 08 €MKOCMHO20 WyHMUPYUu,e20
repekrroyamersns 8 paduo4yacmomHbIX MUKPO3IEKMPOMEXaHUYECKUX
cucmemax (P4 MOMC), napamempax crekaHusi rnpupoOHO20
eudpokcuanamuma, a makxe Ons onmumasbHolu pa3pabomku
Kyrnadkogol Mychmel.

Memodkl: Bce nokaszamernu rnonesHocmu mamepuasogs—kaHoudamos
Oenamcst Ha 08e 2pynribl, rof1e3Hble Unu He8bI200HbIEe OJis1 rpouecca

ombopa; Kakobil rokazamersib rnonesHocmu eHocum
KONU4YecmeeHHbIli  8kfiad 8  YaCMmUuYHyrlo  rpedrnoymumeribHyo
8EePOSIMHOCMb, a npou3ssedeHue 8cex YyacmuyHbIX

npednoqmumeanb/x eepo;-'lmHocmeC/ cocmasrisaem O6Luyi0

<



npedrnoymumersibHy0 8eposimHocmb KaHOudama, 4mo rnepesooum
npobrieMy  MHO20KpumepuasbHoU onmumusayuu 8 npobnemy
onmumu3auuu ¢ OOHUM Kpumepuem u npedcmasnsem cobol
YHUKabHbIU UHOEKC 8 rpouyecce KOHKYpCcHo20 ombopa.

Pesynbmampbi: Medb oOkasanacb n00X00sWUM MamepuasioM pu
ebibope Mamepuaros ons EeMKOCMHbIX wyHmMupyrowux
repekrroYamerniell 8 pPaduoYacmOMHbIX MUKPOISIEKIMPOMexaHU4YeCKuX
cucmemax (P4 MOMC); onmumarnbHbie napamempbl  CrieKaHusl
npupodHoz2o eudpokcuarnamuma — 1100° C npu Hynesom OaerieHuUU
CXKamusi, a onmumasibHOU CXeMoU POEKMUPO8aHUsi  Kyradykoeou
mymei sisrissemcsi cxema Ne.

Bbi800b1I: MHonKpumepuaanaﬂ onmumu3auus Ha OCHO8e
eepogmHocmeL“/ MOXXem  WUPOKO TMPUMEHAMbBCA rpu  rpuHamuu
06BLEKMUBHbIX peweHuE/ ornmumaribHbIX I'lpO6!76M 8
MamepeanoeedeHuu.

Knrouesble crosa: MHO20KpumepuasnbHasi onmumu3ayusi, meopust
gepossimHocmel, npednoymumersibHasi 8EPOSIMHOCMDb,
MamepuarnosedeHue, 8b160p CxeMmbl.

NPUMEHA BULWWEKPUTEPWUJYMCKE OMNMTUMN3ALMNJIE
3ACHOBAHA HA BEPOBATHORW Y TEXHONOINJU MATEPUJANA

MaoweHe LleHr
YHueepauteT CeBepo3anag, PakynteT xeMujcKor MHXeHepCTBa,
CwjaH, HapogHa Penybnuvka Kuna

OBJIACT: maTtemaTtuka, matepujanu
BPCTA UJTIAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: UMako nocmoju mMHo2o0 mMemoda 3a pelwasaH-e rpobriema
cenekyuje Mamepujana 3acHO8aHUX Ha adumueHUM an2opummuma,
makeu anzopummu UHXEPEHMHO cadpxxe Hedocmamke U cybjekmueHe
gakmope. Padu npesasunaxera crnabocmu MoMeHymux memooa,
HedagsHO je passujeHa sulwekpumepujymcka onmumu3ayuja 3acHogaHa
Ha eeposamHohu Koja yeoOu HO8U KOHUenm roxesbHe eeposamHohe
Koju rokasyje cmerieH rioxesbHocmu kaHOudama rpu onmumusauuju. Y
o08oM paldy Kopucmu ce Ho8 Memo0d 3a u3gohere onmumariHe weme 3a
Mamepujan 3a KanauyumueHy CKIIOoMKy waHma y paduoghpeKkeeHUUjCKUM
MuKpoernekmpomexaHudkum cucmemuma (P® MEMC), 3a napamempe
cuHmeposar-a MpupoOHO2 XxudpoKcuanamuma, Kao U 3a OornmumasHO
rpojekmosar-e KaHylacme criojHuue.
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Memode: Csu nokazamesbu rnepghopmMaHcu KOpucHocmu mamepujana —
kaHOuGama Oejle ce Ha KOPUCHE U HEeKopucHe 3a cernekyujy. Ceaku
rokasamesb repgopmMaHcu KOpUucHOCMU K8aHmMumamueHo OOrpuHocu
OenuMuUYHOj NoxesrbHOj eeposamHohu, Aok rpou3sod ceux denuMuUYHUX
rnoxerbHUX 8epoeamHoha 4UHU YKYMHYy [OXesbHy eeposamHohy
KkaHOuOama, 4Jume ce npobremM 8ULIEKPUMEPUjyMCKe onmumusayuje
npeeodu y npobriem  jeOHOKpumepujyMcke  onmumusauyuje U
npedcmaerba jeQuHcmeeHU 00nydyjyhu UHOEKC y KoMIemumueHOM
npouyecy cenekyuje.

Pesynmamu: bakap ce rnokasao kao olzoeapajyhu mamepujan npu
cefleKyuju Mamepujana 3a KanauyumueHe CK/Ionke —waHma y
PaduohpeEKBEHUUJCKUM MUKDPOEIEKMPOMEXaHUYKUM cucmemuma (P®
MEMC). OnmumanHu  napamempu  CUHMepo8ara  pUpPodHo2
xudpokcuanamuma cy 1100C u Hynmu npumucak cabujarba, a
onmumarsiHa wema 3a rpojekmosar-e KaHjlacme CriojHuye jecme wema
6poj 1.

Sakrbyyak: BuwekpumepujyMcka onmumu3ayuja Ha ba3u eeposamHohe
MOXe ce jeOHOCmasHO rpuMeHUMU 3a ObjeKmueHO pewasar-e
onmumarsnHoa rnpobnema y mexHornoauju Mamepujana.

KbyuyHe peyu: euwekpumepujymcka onmumu3auuja, meopuja
eeposamHohe, noxesrbHa eeposamHoha, mexHosioauja Mmamepujana,
cesnekuuja wewme.
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Abstract:

Introduction/purpose: In the current literature, several dozens of vertex-
degree-based (VDB) graph invariants are being studied. To each such
invariant, a matrix can be associated. The VDB energy is the energy

(= sum of the absolute values of the eigenvalues) of the respective VDB
matrix. The paper examines some general properties of the VDB energy
of bipartite graphs.

Results: Estimates (lower and upper bounds) are established for the
VDB energy of bipartite graphs in which there are no cycles of size divi-
sible by 4, in terms of ordinary graph energy.

Conclusion: The results of the paper contribute to the spectral theory of
VDB matrices, especially to the general theory of VDB energy.

Keywords: vertex-degree-based graph invariant, vertex-degree-based
matrix, vertex-degree-based energy, energy (of graph).

Introduction

Let G be a simple graph with the vertex set V(G) and the edge set E(G).

If the vertices u, v € V(G) are adjacent, then the edge connecting them
is denoted by uv. The number of edges incident to a vertex v is the degree
of that vertex, and is denoted by d(v). The minimum and maximum vertex
degrees are denoted by § and A, respectively.

Let V(G) = {v1,v2,...,v,}. Then the adjacency matrix A(G) = [aj;]
of the graph G is the symmetric matrix of order n, whose elements are
(Cvetkovi¢ et al, 2010):

T
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1 ifvv; € E(G)
Qi5 = 0 if VU5 Q E(G) (1)
0 ifi=j.

If the eigenvalues of A(G) are A1, Aq, ..., \,, then the (ordinary) energy
of the graph G is defined as

n

E=E(G) =) |\l (2)

i=1

The theory of graph energy is nowadays elaborated in due detail (Li et
al, 2012; Ramane, 2020).

In the chemical and mathematical literature, a variety of vertex-degree-
based (VDB) graph invariants of the form

I=2(G)= > [(d(u),d(v)) (3)

uwweE(G)

has been considered, where f is a suitably chosen function, with a pro-
perty f(z,y) = f(y,z) (Kulli, 2020; Todeschini & Consonni, 2009).

These are usually referred to as topological indices. Of these, we list
here a few most popular and best studied ones:

<>



f(z,y) name of index type
T4y first Zagreb T
Ty second Zagreb T
22 + ¢ forgotten 0
Va2 Sombor 1
Ve+y nirmala T
1//zy Randi¢ 1
1/Ve+y sum-connectivity !
2/(z+y) harmonic 1
/22 +1/y? inverse degree 1
1/ /22 + 2 modified Sombor !
[(z +y —2)/(zy)]"/? | atom-bond-connectivity | ~
| — y| Albertson ~

The parameters x and y (being vertex degrees) always satisfy the con-
dition z > 1, y > 1. Bearing this in mind, we immediately recognize that
most VDB indices are either monotonically increasing (1) or monotonically
decreasing functions () of the vertex degrees. Only a few such indices do
not possess such a monotonicity property (~).

It should be noted that for practically all VDB indices of type 1 that exist
in the literature, the condition f(z,y) > 1 is satisfied for all values of = and
y that occur for the edges of graphs. Analogously, for practically all VDB
indices of type |, 0 < f(z,y) < 1 holds for all values of x and y.

Taking into account Eqgs. (1) and (3), we introduce the VDB matrix
AI(G) = [(az)ij] via

f(d(vi), d(vy) if viv; € E(G)
(aI)ij = 0 If vivj € E(G) (4)
0 ifi=j.

G
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If its eigenvalues are puq, o, ..., un, then the energy pertaining to the
VDB invariant Z, Eq. (3), is

Er =E1(G) = |l - (5)
=1

For recent works on the investigation of this class of graph-spectral in-
variants see (Das et al, 2018; Gutman, 2020, 2021; Gutman et al, 2022,
2021; Li & Wang, 2021; Shao et al, 2021).

Main results

A cycle of length p is a cycle consisting of (exactly) p vertices
v1,V2,...,Vp, SO that v; and v,y are adjacent fori = 1,2,...,p — 1, and
also v and v, are adjacent. As it is well known, a graph G is bipartite if and
only if all its cycles (if any) are of even length. In this paper, we prove the
results valid for bipartite graphs which do not possess cycles of a length di-
visible by 4. Let G be such a graph. Without loss of generality, we assume
that GG is connected.

Let the graph energy £ and the VDB energy &7 be the quantities defined
via Egs. (2) and (5), and let f be the function specified in Eq. (3). Let ¢ ad
A be the smallest and largest vertex degrees of G.

THEOREM 1. Let G be a bipartite graph with no cycle of size divisible by 4.
Then
f(8,0)E(G) < &2(G) < f(A,A) E(G)

holds for all V DB invariants in which the function f is monotonically in-
creasing and f(x,y) > 1 for all vertex degrees x and y. Equality on both
sides holds if and only if G is a regular graph, in which case § = A.

The examples of the VDB invariants for Theorem 1 are the above listed
first and second Zagreb, forgotten, Sombor, and nirmala indices.

THEOREM 2. Let G be a bipartite graph with no cycle of size divisible by 4.
Then
F(A,A)E(G) < &2(G) < f(0,6) E(G)

holds for all V DB invariants in which the function f is monotonically de-
creasing and 0 < f(xz,y) < 1 for all vertex degrees = and y. Equality on
both sides holds if and only if G is a reqular graph.

G



The examples of the VDB invariants for Theorem 2 are the above listed
Randi¢, sum-connectivity, harmonic, and modified Sombor indices, as well
as the inverse degree.

A tree is a connected graph with no cycles. Therefore, Theorems 1 and
2 apply to trees. For any tree 6 = 1, but Theorems 1 and 2 can be slightly
strengthened.

THEOREM 3. Let T be a tree with n > 3 vertices. Then
f(1,2)E(T) < &(T) < f(A,A)E(T)

holds for all V DB invariants in which the function f is monotonically in-
creasing and f(x,y) > 1 for all x,y. Equality on the left-hand side holds if
and only if n = 3.

THEOREM 4. Let T be a tree with n > 3 vertices. Then
f(AA)E(T) < &(T) < f(1,2)E(T)

holds for all V DB invariants in which the function f is monotonically de-
creasing and 0 < f(x,y) < 1 for all z,y. Equality on the right-hand side
holds if and only if n = 3.

In addition to trees, Theorems 1 and 2 are applicable to various classes
of cycle-containing graphs. Of these, of particular interest may be the
hexagonal systems (molecular graphs of benzenoid hydrocarbons) (Gut-
man & Cyvin, 1989). All their vertices are of degrees 2 and 3. The so-called
catacondesned hexagonal systems (= hexagonal systems having no inter-
nal vertices) are known to possess only cycles of size 4p + 2. For these
molecular graphs

f(2,2)E(G) < &2(G) < f(3,3) E(G) . (6)
or
f3,3)E(G) < &2(G) < f(2,2)E(G). (7)

depending on whether f(x,y) monotonically increases or decreases.
Hexagonal systems possessing internal vertices have cycles of size

4p , p = 3,4,..., and thus Theorems 1 and 2 are not applicable. We ne-

vertheless conjecture that estimates (6) and (7) are valid for all hexagonal

systems.
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In order to prove the above theorems, we need an auxiliary result, stated
below as Lemma 3.

Energy of a weighted bipartite graph

The main part of the results outlined in this section was reported in (Gut-
man et al, 2021). These are repeated here (in an abbreviated form) in order
to maintain completeness. Also, a few errors committed in (Gutman et al,
2021) are corrected.

Let G be a bipartite graph with n vertices. Let G, be obtained from G
by associating weighs to its edges, so that w;; is the weight of the edge
1j. Then the characteristic polynomial of G, is of the form (Cvetkovic et al,
2010)

G(Guy A) = A"+ ) (—1)F e(Gu, k) A2 (8)
k>1
whereas the energy of G, satisfies the equality (Gutman, 1977, 2020; Li et
al, 2012)

+o0
8(Gw):72r/dx In [1+Z (Gus k) ] )

0 k>1

Note that £(G,,) is a monotonically increasing function of any of the
coefficients ¢(G, k).
According to the Sachs theorem (Cvetkovic et al, 2010)

(D) e(Gu, k)= > (=179 24 (o) (10)

UGSQk(Gw)

where Si(G,) is the set of all Sachs graphs of G,, possessing exactly 2k
vertices, and where ¢ is an element of Sy;(G), containing p(c) compo-
nents, of which ¢(o) are cycles. The weight of the Sachs graph ¢ is equal
to the product of the weights of its components If the isolated edge ij is
a component of o, then its weight is w? o If a cycle Z is a component of o,
then its weight is the product of weights of the edges contained in Z.

LEMMA 1. (Gutman et al, 2021) If the Sachs graph o € So(G) # 0 does
not contain cycles whose size is divisible by 4, then

(=1)F (=1)P(@) 2¢(9) > ¢,

G



Proof. The Sachs graph ¢ has p(c) components. Let among them be ¢ >
0 isolated edges, whose total number of vertices is 2ry. Let o containr; > 0
cycles, whose total number of vertices is 4z +2 r; for some integer z. Thus,
2k = 2rg +4x + 271

Case 1: 2k is not divisible by 4. Then (—1)¥ = —1 whereas ro+r; = p(o)
is odd. Therefore, (—1)* (—1)P(?) > 0 and the claim of Lemma 1 holds.

Case 2: 2k is divisible by 4. Then (—1)¥ = +1 whereas rq + r1 = p(o)
is even, implying, again, (—1)¥ (—1)?(®) > 0. O

Lemma 1 has the following noteworthy consequences:

LEMMA 2.

(a) Let G, be an edge-weighted bipartite graph whose all cycles (if any)
have size not divisible by 4, and let the weights of all its edges be positive-
valued. Then for any Sachs graph o € Sor(Gy) # 0,

(=D)F (=1)P@) 2¢9) yy(5) > 0.

(b) Therefore, because of Eq. (10), the coefficients c(G.,, k) in Eq. (8) are
non-negative and are the monotonically increasing functions of the edge-
weights.

(c) Therefore, because of Eq. (9), the energy of the graphs G, is a mono-
tonically increasing function of the edge-weights.

From Lemma 2(c), we obtain the result needed for our proofs:

LEMMA 3. Let G, be an edge-weighted bipartite graph whose all cycles (if
any) have size not divisible by 4.

(a) If for all edges ij € E(G,,), the condition w;; > 1 holds, then £(G.,) >
E(G). Ifw;; > 1 for at least one edge ij, then £(G,,) > £(G).

(b) If for all edges ij € E(G,), the condition w;; < 1 holds, then £(G,,) <
E(G). Ifw;; < 1 for at least one edge ij, then £(G,,) < £(G).

(c) Ifin both cases (a) and (b), w;; = w holds for all edges ij € E(G,), then
E(Gy) =w&(Q).

Proof of Theorems 1-4

The adjacency matrix Az(G), Eq. (4), could be viewed as the ordinary
adjacency matrix of an edge-weighted modification of the graph G. There-
fore, if the condition f(d.,,d,,) > 1 holds, and if f(x,y) is an increasing

G
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function for x > 1 and y > 1, then the lower bound of Theorem 1 follows by
Lemma 3 if all f(x,y) are replaced by f(d,d). The upper bound is obtained
if all f(x,y) are replaced by f(A, A).

The proof of Theorem 2 is analogous.

Theorems 3 and 4 are based on the fact that no tree with n > 3 vertices
is a regular graph. The only tree having two adjacent degree-one vertices
is the two-vertex tree. Therefore, for trees with 3 or more vertices, the
minimal (resp. maximal) value of f(z,y) is f(1,2).

References

Cvetkovi¢, D., Rowlinson, P. & Simi¢, K. 2010. An Introduction to the Theory of
Graph Spectra. Cambridge: Cambridge University Press. ISBN: 9780521134088.

Das, K.C., Gutman, I., Milovanovi¢, I., Milovanovi¢, E. & Furtula, B. 2018.
Degree-based energies of graphs. Linear Algebra and its Applications, 554,
pp.185-204. Available at: https://doi.org/10.1016/j.1aa.2018.05.027.

Gutman, I. 1977. Acyclic systems with extremal Huickel 7-electron energy. The-
oretica chimica acta, 45, pp.79-87. Available at:
https://doi.org/10.1007/BF00552542.

Gutman, I. 2020. Relating graph energy with vertex-degree-based energies.
Vojnotehnicki glasnik/Military Technical Courier, 68(4), pp.715-725. Available at:
https://doi.org/10.5937/vojtehg68-28083.

Gutman, I. 2021. Comparing degree-based energies of trees. Contributions to
Mathematics, 4, pp.1-5. Available at: https://doi.org/10.47443/cm.2021.0030.

Gutman, I. & Cyvin, S.J. 1989. Infroduction to the theory of benzenoid hydro-
carbons. Berlin: Springer. Available at: https://doi.org/10.5860/choice.27-4521.

Gutman, ., Monsalve, J. & Rada, J. 2022. A relation between a vertex-
degree-based topological index and its energy. Linear Algebra and its Applications,
636(March), pp.134-142. Available at: https://doi.org/10.1016/j.1aa.2021.11.021.

Gutman, |., Redzepovi¢, |. & Rada, J. 2021. Relating energy and Sombor en-
ergy. Contributions to Mathematics, 4, pp.41-44. Available at:
https://doi.org/10.47443/cm.2021.0054.

Kulli, V.R. 2020. Graph indices. In: Pal, M., Samanta, S. & Pal, A. (Eds.), Hand-
book of Research of Advanced Applications of Graph Theory in Modern Society,
pp.66-91. Hershey, USA: IGI Global. Available at:
https://doi.org/10.4018/978-1-5225-9380-5.ch003.

Li, X, Shi, Y. & Gutman, I. 2012. Introduction. In: Graph Energy, pp.1-9. New
York, NY: Springer. Available at: https://doi.org/10.1007/978-1-4614-4220-2_1.

>


https://doi.org/10.1016/j.laa.2018.05.027
https://doi.org/10.1007/BF00552542
https://doi.org/10.5937/vojtehg68-28083
https://doi.org/10.47443/cm.2021.0030
https://doi.org/10.5860/choice.27-4521
https://doi.org/10.1016/j.laa.2021.11.021
https://doi.org/10.47443/cm.2021.0054
https://doi.org/10.4018/978-1-5225-9380-5.ch003
https://doi.org/10.1007/978-1-4614-4220-2_1

Li, X. & Wang, Z. 2021. Trees with extremal spectral radius of weighted ad-
jacency matrices among trees weighted by degree-based indices. Linear Algebra
and Its Applications, 620, pp.61-75. Available at:
https://doi.org/10.1016/j.1aa.2021.02.023.

Ramane, H.S. 2020. Energy of graphs. In: Pal, M., Samanta, S., & Pal, A.
(Eds.) Handbook of Research on Advanced Applications of Graph Theory in Mo-
dern Society, pp.267-296. Hershey, PA, USA: IGI Global. Available at:
https://doi.org/10.4018/978-1-5225-9380-5.ch011.

Shao, Y., Gao, Y., Gao, W. & Zhao, X. 2021. Degree-based energies of trees.
Linear Algebra and Its Applications, 621, pp.18-28. Available at:
https://doi.org/10.1016/j.laa.2021.03.009.

Todeschini, R. & Consonni, V. 2009. Molecular Descriptors for Chemoinforma-
tics. Weinheim: Wiley-VCH. ISBN: 978-3-527-31852-0.

OLIEHKA 3HEPTMIN, OHCOBAHHbIX HA CTEMEHU
BEPLUNH

UsaH N'yTMaH

KparyeBaukuin yHUBEPCUTET, eCTECTBEHHO-MAaTEMaTUYECKUI
dakyneterT, I. Kparyesau, Pecny6nuka Cepbus

PYBPUKA TPHTWU: 27.00.00 MATEMATUKA:
27.29.19 KpaeBble 3agaym 1 3agaym Ha
CcoBCTBEHHbIE 3HAYEHNs aAns
06bIKHOBEHHbIX AnddepeHLmManbHbIX
YPaBHEHUIN N CUCTEM YPaBHEHUN
B[O CTATbW: opurnHanbHas Hay4Hasi cTaTbs

Pesrome:

BsedeHue / uenb: B Hoselwel numepamype usydaromcs Oe-
CAMKU UHBapuaHmoe 2pagho8, OCHOBaHHbIX Ha cmereHu eep-
wuH (VDB). K kaxxdomy makomy uHeapuaHmy Moxem ripucoedu-
Humbcst Mampuuya. OHepeusi VDB - amo sHepaus (= cymma ab-
COMMIOMHbIX 3Ha4eHUl cobCcmeeHHbIX 3HadeHul) coomeemcmey-
roweti mampuubi VDB. B 0aHHOU cmambe uccriedyrmcsi HEKO-
mopbie obujue ceolicmea VDB-aHepauu 08y00sbHbIX 2paghos.
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o sHepeauu VDB dsydonbHbix epaghos, He uMerowux YUKIoe ee-
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Bbi800s1: Pe3ynsmamsl cmambU 8HOCSM eKrad @ criekmparib-
Hyto meopuro mampuy, VDB, a ocobeHHO 8 obwyro meoputo
aHepauu VDB.

Knrouessle criosa: uHgapuaHm epagha 0CHO8aHHbIU Ha cmerneHu
8epLWUHbI, Mampuya 0CHOBaHHasi Ha CMerneHuU 8epUUHbI, IHEp-
2usi OCHOBaHHasi Ha cmerneHu 8epuwUHbI, IHepausi (2paga).

MPOLIEHA EHEPIMJA SACHOBAHNX HA CTEMNEHVMA
UBOPOBA

UeaH N'yTmaH
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KparyjeBau, Penybnuka Cpbuja

OBNACT: matemaTtumka
BPCTA YJTIAHKA: opurnHanHu HayyHu pag
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eHepeuje.
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meopuju VDM mampuua, a nocebHo onuwimoj meopuju VDB
eHepeuje.

KrbyyHe peyu: uHeapujaHma 3acHosaHa Ha cmerneHumMa 4eopo-
8a, Mampuya 3acHog8aHa Ha cmerneHuMa 48opoea, eHepeauja 3a-
CHOBaHa Ha cmereHumMa 4eopoesa, eHepeauja (epagha).
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Abstract:

Introduction/purpose: The aim of this paper is to present the concept of
b(a,.,3,)-hypermetric spaces.

Methods: Conventional theoretical methods of functional analysis.
Results: This study presents the initial results on the topic of b, .-
hypermetric spaces. In the first part, we generalize an n-dimensional
(n > 2) hypermetric distance over an arbitrary non-empty set X. The
b(a.,,,..)-hyperdistance function is defined in any way we like, the only
constraint being the simultaneous satisfaction of the three properties, viz,
non-negativity and positive-definiteness, symmetry and («.,,, 3, )-triangle
inequality. In the second part, we discuss the concept of (a,, ,)-
completeness, with respect to this b, g, )-hypermetric, and the fixed
point theorem which plays an important role in applied mathematics in a
variety of fields.

Conclusion: With proper generalisations, it is possible to formulate
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well-known results of classical metric spaces to the case of b, s~
hypermetric spaces.

Key words: b, s,.)-hypermetric spaces, G-metric, fixed point.

Introduction

In human effort to describe the surrounding world, the concept of dis-
tance has long been fundamental. Our intuitive understanding of distance
as an exact value may however differ from its mathematical definition and
its properties. If one is to include the measurement error, encountered in
real life attempt to measure the distance between two objects, the distance
will be defined as an interval. This is, for example, where we may come
across a set-valued distance function. This approach will in fact be our
main motivation for presenting a generalized concept of the distance as a
set-valued function in this paper.

The notion of 2-metric spaces, as a possible generalization of metric
spaces, was introduced by Gahler (Gahler, 1963). The 2-metric d(x, y, z)
is a function of three variables, and Gahler geometrically interpreted it as
an area of triangle with vertices at = , y and z respectively.

B. C. Dhage, in his PhD thesis (1992), introduced the notion of D-metric
(Dhage et al, 2000) spaces that generalize metric spaces. However, most
of the claims concerning the fundamental topological properties of D-metric
spaces are incorrect, as shown in 2003 by Mustafa and Sims (Mustafa &
Sims, 2003). This led them to introduce the notion of G-metric spaces
(Mustafa & Sims, 2006), as a generalization of the metric spaces. In this
type of spaces, a non-negative real number is assigned to every triplet of
elements.

The G-metric spaces were generalized to universal metrics by Dehghan
Nezhad et al, in a series of papers (Dehghan Nezhad & Aral, 2011; De-
hghan Nezhad & Khajuee, 2013; Dehghan Nezhad et al, 2017; Dehghan
Nezhad et al, 2021; Dehghan Nezhad & Mazaheri, 2010). The interpre-
tation of the perimeter of a triangle is applied, but this time on G-metric
spaces. Since then, many authors have obtained fixed point results for G-
metric spaces.

In an attempt to generalize the notion of a G-metric space to more than
three variables, Khan first introduced the notion of a K-metric, and later the
notion of a generalized n-metric space( for any n > 2) (Khan, 2012, 2014),
in 1975. He also proved the common fixed point theorem for such spaces.
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Bakhtin (Bakhtin, 1989) and Czerwik (Czerwik, 1993) generalized the
structure of metric space by weakening the triangle inequality and called it
the b-metric space. In 2017, Kamran et al. (Kamran et al, 2017) introduced
the concept of extended b-metric space by further weakening the triangle
inequality. For more details also see (Agarwal et al, 2015; Debnath et al,
2021; Kirk & Shahzad, 2014; Todorcevic, 2019). Also, for a broader per-
spective on extended b-metric spaces, dislocated b-metric spaces, rectan-
gular b-metric spaces, b-metric like spaces, and applications see (Younis
et al, 2021a,b,c; Younis & Singh, 2021).

The main purpose of this paper is a generalization of universal metric
spaces into b, 3,)-hypermetric spaces of the n-dimension.

REMARK 1. An ordered ring is a (usually commutative) ring R with a total
order < such that for all a, b, and c in R:

i)ifa <b,thena+c=<b+c

ii)if0 <aand 0 <b,then0 < a-b.

We denote R a set of non-negative elements of R, namely Rt := {g €
R:0=<g}.

The concept of a b-metric space is initiated by Bakhtin (Bakhtin, 1989)
and later used by Czerwick (Czerwik, 1993).

DEFINITION 1. (Czerwik, 1993) Let X be a non-empty setand d, : X x X —
[0, +00) be a function satisfying the following conditions:

(b1) dy(x,y) =0 ifand only if z = y,
(b2) dy(x,y) = dy(y, ), for all z,y,z € X,
(b3) dy(x,y) < s(dp(x,2) + dp(2,y)) forall x,y,z € X, where s = 1.

The function dy is called a b-metric and the pair (X, dy) is called a b-
metric space.

EXAMPLE 1. (Berinde, 1993) Let X = [,[0,1] be the space of all real

functions ¢(t) with ¢t € [0, 1] such that fol lp(t)|P < oo with 0 < p < 1.
Define d, : X x X — [0, +00) as:

do(9,¢) = </01 |p(t) — (t) ypdt)

Therefore, (X, d;) is a b-metric space with s = 25,

o



REMARK 2. (Czerwik, 1993) The class of the b-metric space is larger than
the class of the metric space. When s = 1, the concept of the b-metric
space coincides with the concept of the metric space.

In the following we recall the definition of the extended b-metric space.

DEFINITION 2. (Kamran et al, 2017) Let X be a non-empty set and r : X x
X — [1,+00). A function d, : X x X — [0,400) is called an extended
b-metric if for all x,y, z € X it satisfies the following conditions:

(b1) d.(x,y) =0ifand only if x =y,

(b2) dr(x7 y) = dr(ya Jj);

(b3) dr(x,y) < r(x,y)(dr(z,2) + dr(2,9))-

The pair (X,d,) is called the extended b-metric space.

Main results

The goal of this section is to describe a few properties and the results
of the b(,, 3,)-hypermetric spaces of the dimension n.

b(a,,3.,)-NyPErMetric spaces of the dimension »

Now we first recall and introduce some notation. For n > 2, let X"
denote the n-times Cartesian product X x ... x X and R be an ordered
—_———
n—times
ring. Let P*(R) denote the family of all non-empty subsets of R. We begin
with the following definition.

DEFINITION 3. Let X be a non-empty set and «,, [, : X" — [1,4+0).
Let Uy, 5,) : X® — P*(R") be a function that satisfies the following
conditions:

(U1) U(a"ﬂ")(ml, Ce ,.%'n) = {0}, if.%'l = ... = XTnp,
(U2) U, gy (71, 20) 2 {0}, for all xq, ..., z, with z; # z;, for some
iaj € {L"'an};

(U3) Ua, gy (@15 s 2n) = U, p)(@r,s - 7r,), for every permuta-
tion (71'(1), ,W(n)) Of(l,?, ...7n),

(U4) [U(a"ﬁ”)(xl, Ty yTp—1, xn_l) Q U(a7W37L)(x1, T2y vy Tp—1, .’I}n), for

all z1,...,z, € X,
(210
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(US) Ua, gy (71, T2, -, o0) € an(z1, 72, ...y 20) - Ugg, 8,y (21,0 ..., a)
+ Bu(x1, 72, .. s Tn) - Ugq, gy (@, T2, o), forall zq, ... xn,a € X,

Let A; be the subsets of X, (i = 1,...,n), forany D, D’ € P*(R*) and
a € RT. We define

[U(amﬁn)(Alv"'aAn) = U{Un(l‘l,. . .,.Cl:n) ‘ i €A, i=1,... ,n},

D+D ={d+d|deD,d eD}anda-D={a-d|de D,acR"}.

We shall use the following abbreviated notation: The function U, is
called an ordered b(,,, g,)-hypermetric ring of the dimension n, or more
specifically a b, g,)-hypermetric on X. The pair (X,U,) is called an
b(a,.,8,)-Nypermetric space.

For example, we can place R = Z9 or R}, where Z% := NU {0} =
{0,1,2,...} and RY := [0, +00). In the sequel, for simplicity we assume

that RT™ = Ri. The following useful properties of a b,-hypermetric are
easily derived from the axioms.

REMARK 3. If a, (21,22, ...,2n) = Bu(z1,22,...,2,) = cforc>1and n =
1, then we obtain the definition of a b-metric space (Czerwik, 1993). It is
clear that for ¢ = 1, this b-metric becomes a usual metric.

PRoPOSITION 1. (Example) Let X = [0,1] and aa, B2 : X X X — [1,+00),

with co(x,y) =1+ ﬁ,ﬁg(x,y) =1+ $3_y. Define

Fu,p 1 X x X — P*(RY)
with,

1, 25) ;owye (0], x#y
Flas ) (2,9) = ¢ {0} ;oz,y€f01], z=y
Flass)(¥2) = [1,3) 3 y=0,2z€(0,1]
and also assume A+ B = AU B, forall A,B C P(RY}). Then (X,F(,, s,))
Is a b, s,)-hypermetric space.

Proof. 1t is sufficient to show that F,, 5, is satisfied in all properties
(U1),(U2),...,(U5) . The proofs of (U1),...,(U4), follow immediately

o



from the definition of F,,, 5,). We only need to show thatF,, 5,) is satisfied
in

F(ag,ﬁg)(xa y) C aQ(:’Ua y)'F(ag,Bz)(J:a Z) + ,82($, y)']F(a2,62)(Z’ y)a VIE, Y,z € X.
We distinguish the following cases:

(i) Let z,y € (0,1] For z € (0,1], we have
F(QQ,BQ)(x7y) g QQ(I, y)‘]F(OtQ,Bz)(x’ Z) + /62(m7y)']F(a2,52)(Z’y) If and

only if

[17 xly) g (12 + x—}ry)[o, 1) 1+ (1 + F5)0,5;) if and only if
if and onIy if [1, xi) C (ﬁgf)[o, v)ifand only if 2 <2+ +y.

If = = 0, then Fla, ) (,y) € ao(w,y)Fia,ps,)(x,0) +

B2(7,y) . F(a,,8,)(0,9)

if and only if [1, i) C(1+ ﬁy)[o D+ (+ m)[ ) if and only if
[1,25) S

(1 52.)((0, 1)+ (0, 1)) fand only f[1, 1) C (422 =)
ifandonlyif2 <2+ 2 +y.

T+y T T+y ’xy
(i) Forz € (0,1 and y = 0, let z € (0, 1],
F(as,8,)(7,0) € aa(z,0).F(qo, g,) (2, 2) + Ba(,0).F(q, g,)(2,0) if and only
if
[1,1) € (B3)[0, 35) + ()0, 1) ifand only if [1, ) € (2££)([0, ) +
[0,1))ifand onlyif [1, 1) C (£t )[0 ztl)ifand only if 2z < (z+1)(z +
2).

(iii) Let x,y € [0,1], = = y. Obviously, F(,, g,) is satisfied in (U5).

Hence (X, F(q4,,)) IS @ b(a, 5,)-hypermetric space. O

PROPOSITION 2. Let (X, Uy, 3,)) be a b, s, -hypermetric space, then for
any xi1, ..., zn,a € X it follows that:

(1) IfU an,ﬁn)(xl’ oy xpn) = {0}, thenzqy = ... = x,,

(2) Ut 5,) (@15 2n) D705 U, 8,y (@15 e 71, 75),
(3) Uta,, ) (@1, s 2n) € 3701 U, 5. (25, @, oy 0),

(4) U(%“m)(:cl,xg, ey 2) € (0 — l)U(a”ﬁ")(xl, ey T1,X2).

PrRoPosITION 3. Let (X,U(,, 5,)) be a b, 3, -hypermetric space, then
{O} - [U(Dln,,@n)(w17 ,l‘n) for all Ti,...,Tn € X.

Cm
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Proof. By condition (U4) of the definition of a b, 3,)-hypermetric space,
we have

{0} = U(%ﬂ")(:vl, ...,l‘l) - U(an,ﬁn)(xla ,:L‘n)
[

PROPOSITION 4. Every b, g,)-hypermetric space (X,U,, g,)) defines a
b(as,3,)-hypermetric space (X, U, 3,)) as follows:

[U(ozz,,b’g)(xa y) = U(an,ﬂn)(wv Yy ... 7y) + U(a,“,B,L)(y? Tyonny JJ);VJ}, (TS X.

Proof. Note that (U1),...,(U4) trivially hold. We only need to show that
Ula,,5,) is satisfied in

U(ag,ﬁz)(m7y) - a2(x7y)'U(a2,[32)<$7 Z) + 62(.’1],y).U(a2752)(Z,y),vaﬁ, Y,z € X.

By setting
ag(z,y) = max{an(z,y,....,y), an(y, z, ..., z)}
and
/82(.'137 y) = ma’x{/@n(w7 y7 cey y)? /Bn(ya .T7 ey .’IZ’)}
This completes the proof. O

PROPOSITION 5. Let e be an arbitrary positive real number, and (X, d) be a
metric space. We define an induced b, s, -hypermetric

. * (0
?062752) X x X — P*(RY)

(d(z,y) —e,d(z,y) +e) U{0}; = #y,d(z,y) > e
Ule, )@ ) = (d(z,y) —e,d(z,y) +¢) NRY; z#y,d(z,y) <e
{0}; x=yord(z,y) =e.

Then (X, Ufaz’ 52)) Is a by, p,)-hypermetric space.

Quotient b, 5 )-hypermetric space

Let (X, U(q,,8,)) b€ @b, g, -hypermetric space and X be a partition of
X. For each point p € X, we denote p a point in X containing p, and we
denote the equivalent relation induced by the relation by ~.

>



DEFINITION 4. Let (X,U,, 5,)) be a by, s,)-hypermetric space. Let
pi,...,pn € X, and consider pi,....p, € X. A quotient b, s.)-
hypermetric of points of X induced by U, 3,) is the function

@(amﬁn) : )A(:n — P*(Rg_)
given by N
U(an,ﬁn)(ﬁla v 7571) - ﬂ U(amgn)(pl, e ,pn).
Pi€Di
PROPOSITION 6. The quotient b, s, -hypermetric induced by U, 3. IS
well defined and is a b, 5, -hypermetric on X.

Proof. I[Nj(a"ﬁ") is satisfied in all properties (U1), till (U4),

Ua,,8.) @015+ 5Pn) € U, 3,150, -+ 9) + Uga,, 3.)(@, D2, - - -, Dn)

ﬂ U(%ﬁn)(pl’ .yDn) C
p;€P;
ﬂ <U(Oén,ﬁn)(pl7 G- ,Q) + U(“mﬁﬂ)(Qava cee ,pn)>
p;eP;
q€q

= ﬂ U(an,ﬁ")(pla q,... 7q) + ﬂ U(an,ﬁn)(Qaan s 7pn>
PiEﬁi pieﬁi
q€q q€q

= ﬂ <U(an,gn)(p1,q,---,q)+U(an,5n)(q,p2,---,pn)>.
pieﬁi
q€q

O

Let (X, U, 3.)) be a b, s, -hypermetric space of a dimension n >
2. For any arbitrary a in X, define the function Uy, , 5, ,) on X" ! by
U(a'rL—ly/B'nfl)(xl’ ce ,1'“_1) = U(amﬁ”)(xl, ey -1, a).
Then we have the following result.

G
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PROPOSITION 7. The function U, , s, ,) define a b, , g, ,)-hypermetric
on X.

Proof. We will verify that U, , 3, ,) satisfies the five properties of a
b -hypermetric. O

an—176n—1)

PRoPOSITION 8. Let IT : X — Y be an injection from a set X to a set
Y. fUpq,p5,) : Y" = P*RY) is a b, g, -hypermetric on the set Y.
Then U, g,) : X" = P*(RY}), given by the formula U,,, g.y(x1,...,2s) =

U(anﬁn)(ﬂ(ml),...,H(a:n)) forall x1,...,2, € X, is a b(a,3,)-hypPErMetric
on the set X.

PROPOSITION 9. Let (X, U, 3,)) be any b, g, -hypermetric space and

n

A € RY. Then (X, U(Aan 5,)) is also a b, ,)-hypermetric space where
U?an,ﬁn)(‘rl’ sy ) = {AN[0,N)|A € Uy, g,y (15, 70) }-

So, on the same X many intances of the b, g, -hypermetric can be
defined, as a result of which the same set X is endowed with different
metric structures. Another structure in the next proposition is useful for
scaling the b, 3,)-hypermetric, so we need the following explanation.

For any non-empty subset A of R?, and A € Rt we define aset \- A to
beX-A:={X-alac A}

ProposITION 10. Let (X,U,, 3,)) be any b, s, -hypermetric space.
Let A be any positive real number. We define [Uf\an Bn)(xl’ cey ) =

AU, 8.) (1, sz0).  Then (X, U(Aamﬂn))is also a b, g, -hypermetric
space.

A sequence {z,,} ina b, 3, -hypermetric space (X, U, 3,)) is said to
converge to a point s in X, if for any € > 0 there exists a natural number N
such that for every my,...,m, 1 > N

U(an,ﬁn)(‘rm17 sy xmn71 ) S) g [07 6)7

then we shall write

lim U(an,ﬁn)(mmﬁ s Ty, s S) = {O}

M yeeeyMyy —1 —>400
()



We shall say that a sequence {z,,} has a cluster point x if there exists
a subsequence {x,,, } of {z,,} that converges to x.

PrRoPOSITION 11.Let (X,U,, 45,)) and (X', U(am 5.)) be two b, 5.
hypermetric spaces. Then a function T : X — X' is b, g,)-continuous
atapointz € X, ifand only ifitis b,, g, -sequentially continuous at x; that
is, whenever sequence {x,,} is b, g,)-convergent to x one has {T(z.,)}
is Ua, p,)-convergent to T'(z).

DEFINITION 5. Let (X, Uy, 3,)) be @b, g, -hypermetric space, and A C X.
The set Aisb(,, s,)-compact if for every b, g,\-sequence {x,, } in A, there
exists a subsequence {xy, } of {x,,} such that b, s, -convergences to

some xg € A.

PROPOSITION 12. Let (XU, 5,)) and (XU, ) be two b, g,)-
hypermetric spaces and T' : X — X' a b(,, g,)-continuous function on
X. If X is b, g, -compact, then T'(X) is b, g,)-compact.

DEFINITION 6. Let (X,U(,, g,.)) be a b, 3,)-hypermetric space, then for
zg € X, r >0, the b, g,)-hyperball with the centre x, and the radius r is

BU((,(HYBH)(J:O’T) = {y € X: U(an,ﬂn,)(xO)y) )y) g [O’T)}

PROPOSITION 13. Let (X, Uy, ,)) be a b, g, -hypermetric space, then for
o€ X, r >0,

(i) fU(q, g,) (0, 22, .., ) C [0,7), then xa, ..., x, € By, ,. (zo,7),

(i) If y € By,.,, , ,(xo,7), then there exists, 6 > 0 such that By, , (y,0) C
BU(anﬁ,,,>(x0’ T‘).

PROPOSITION 14. The set of all U, 3,)-balls, B, = {Buy,,, , (7,7) : x €
X,r > 0}, forms a basis for a topology T (U, 5,)) on X.

n

DEFINITION 7. Let (X,U(q, 3.)) be a b, s,)-hypermetric space. The se-
quence {z,} C X is b, 3,-convergent to z if it b, g, -converges to x in
the b, s,)-hypermetric topology, T (U, 3.))-

PROPOSITION 15. Let (X, U, 3,)) be a b, ,)-hypermetric space. Then

n

for a sequence {z,,} C X, and a point z € X the following are equivalent:
(1) {zm} is Ua, g,)-convergent to z,
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(2) Ua, 8,)(@ms s T, ) — 0, @and
(3) U(%ﬁ")(aﬁm,x, ceyx) = 0.

DEFINITION 8. Let (X,U(q, 6,)), (Y;V(a, 8,.)) be universal hypermetric
spaces of the dimensions n and m respectively; a functionT : X — Y is
D(aun,B.),(m 3. ) -CONtINUOUS at the point zy € X, ifT—l(BV(amﬂm) (T(z0),7)) €
T(Uy), forall r > 0.

We say [ is b, 8,),(am,8..)-CONtINUOUS If it iS by, 3. (am,5,.)-CONtINUOUS

at all points of X; that is, continuous as a function from X with the
T (Uta,, 3.))-topology to Y with the T (V 4, 5,.))-topology.

In the sequel, for simplicity we have assumed that n = m. Since b, g,)-
hypermetric topologies are metric topologies, we have:

DEFINITION 9. Let (X, U, 3,)) and (Y, V,, 3.)) be two b, 3. \-hypermetric
spaces and T : (X,U(,, 5,)) — (Y,V(a,z,)) be a function. The func-

tion f is called b, g, -continuous at a p"oint a € X if and only If,
for given ¢ > 0, there exists 6 > 0 such that x1,...,2,1 € X
and the subset relation U, g.)(a,21,...,2,—1) € [0,0) implies that

Vians)(T(a), T(z1),...,T(xn-1)) € [0,¢).

A function f is b, g,)-continuous on X if and only if it is b, g,)-
continuous at all a € X

PRoPOsITION 16. Let (X, U, 3.)): (Y:V(a,3.)) b€ b, s, -hypermetric
spaces, a function T : X — Y is b, g,)-continuous at point x € X if
and only if it is b, 3,)-Sequentially continuous at x; that is, whenever the
{xn} is b, 5,)-convergent to x we have (T(zy)) is b, ,)-convergent to

T(x). '

PROPOSITION 17. Let (X, U, 3,)) be a b, s,)-hypermetric space. Then
the function
Ua, 8.)(21, 22, ..., 2n) IS jointly b, .)-continuous in all n of its variables.

DEFINITION 10.A map T : X — Y between b, 3, -hypermetric
spaces (X,U, ,) and (Y,U, ,,) is an iso-hypermetric when

anw
U, 8.) (@150 Tn) = U(an 5n)(T(x1), vy T'(zy)) forall xy,. .. ,z, € X. Ifthe
i$0-b(q, s, -hypermetric is injective, we call it iso-b,, s,\-hypermetric em-

&>



bedding. A bijective iso-b,,, s, -hypermetric is called a b, g, -hypermetric
isomorphism.

Fixed Point Theorem in b, 5 )-hypermetric spaces

In a b, s,)-hypermetric space, the concepts of basic topological no-
tions, such as: b, g,)-Cauchy sequence, b, s, -convergent sequence
and b(,,, s,)-complete b, s,.)-hypermetric space can be easily adopted as
shown below. We discuss about the concept of b, g,)-completeness of
b(a,.,.)-Nypermetric spaces.

DEFINITION 11. Let (X, U(q, ,)) bé a b, 3, -hypermetric space, then a se-

quence {r,,} C X is called b, 3 \-Cauchy if for every ¢ > 0, there exists
N € Nsuch that U, 5,)(Tm,s Tmys -+, Tm, ) < € for all my, ma, ...,mp > N.

The next proposition follows directly from the definitions.

PROPOSITION 18. In a b, 3,)-hypermetric space, (X,U,, g,)), the follow-
ing are equivalent.

(i) The sequence {xy,} is b, 3,)-Cauchy.

(ii) Forevery e > 0, there exists N € N suchthat U, 5 \(%1, Tm; ..., Tm) <
g, foralll,m > N.

(i) {xm } is @ Cauchy sequence in the metric space (X, dy,,, , ,)-

COROLLARY 1. (i) Every b, s, -convergent sequence in a by, 3"
hypermetric space is b, ,)-Cauchy.

(i) If a b, s,)-Cauchy sequence in a b, g, -hypermetric space
(X,U(a,,3,)) contains a b, 3, -convergent subsequence, then the se-

n

quence itself is b, 3,)-convergent.

DEFINITION 12. A b, 3,)-hypermetric space (X, U, 3.)) is called b, 3 )-
complete if every b, 3, -Cauchy sequence in (X,Uq,, 3,.)) IS b, 8.)-
convergent in (X, U, g,))-

PROPOSITION 19. A b, 3,)-hypermetric space (X,U, 3.)) IS b, 8,)"

n

complete if and only if (X, dy,, , ) is a complete metric space.

DEFINITION 13. Let (X,U,, 3,)) and (Y, U(an 5. be two b, g -
hypermetric spaces. A function f : X — Y is called a b,,, g,)-contraction

G
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if there exists a constant k € [0,1) such that U, (f(x1), .o, fzn)) =
(an,Bn)
k‘U(amﬁn)(ZL‘l, woxy) forall zy, ... x, € X.

It follows that f is b(,, s,)-continuous because; U, 3.)(71, .., Tn)

n

[0,0) with & # 0 and ¢ := ¢/k implies U(an,,an)(f(l’l)v oy f)) C [0, €).

N

THEOREM 1. Let (X, U, 3,)) be @b, g, -complete space andletT : X —
X be ab,, ,)-contraction map. Then T has a unique fixed point T'(z) = x.

Proof. We consider z,,+1 = T'(z,,), with 2y being any point in X. By re-
peated use of the («a,, 8,)-rectangle inequality and the application of the
contraction property, we obtain

U(an,ﬁn)(xﬂu Tl Tma1) C kmU(an’ﬁn)(xo, Tiy...,T1)

for all m, s; € Nwhichm < s; and k£ € [0,1). It follows from the above that

U(amﬁn)(.f[?m, Tsyy.o- 7x81) - FlU(an,ﬁn)(xma Tm41y- -5 Tmt1

+2U(q,, 8,) (Tmt 1, Tmt2, - - 5 T2

+... .+ Fsl—mU(amBn)(x&—la Lsyye-vsLs,

)
)
+F3U(an75n)(xm+2, Tin43y -+ Tm+3)
)
CT(E™+ k™ 4+ ksl_l)U(anﬂn)(l‘o, Tly...,T1)

k™M1 — ksimm
= F(l_k)U(amB”)(xo, Tlyeo- ,xl)
where I'; = ap (T, sy, - -+, Ts, ),
Ty = Bn(Tm, Tsyy -3 Tsy) - Ty Tt 1y« + 5 Tl )y o

and I' = max{I'y, 'y, ..., _p,} for all ,,, ..., x5, € By, , (zo,7).

Then we have

lim U(amﬁn)(ﬂjma Lgysee :Esl) = {0}

m,81 — +00
since
k(1 — k5™
lim  pAL R

m, sy — 400 1—-k

Ula, ) (0, 1, - . 21) = {0}.
Form < s; <s9 € Nand (U5) it implies that

Ul ) (Tms Toys Ty -+ Tsy) C

G



(T, Ty Tsy 5 Ty ) Ui, 8,) (Tms Ty -5 Ts,)

+Bn (T, sy, T,y - - - ,3352)U(amﬁn)(xsl,x52, cey Tsy),

now taking a limit as m, sy, ss — +00, we get
U, ) (Tms Ty Tsy - -, Ts,) — {0}
Now form < s; < sy < ... <s,_1 € N, we will have
U, 8.)(@ms Tsys - Ts, ) = {0};  whenever, m,s1,...,8,-1 — +00,

then {z,,} is a Cauchy sequence. By completeness of (X,U,, 3,)), there
exists @ € X such that {z,} is b, g,)-convergent to a. It follows that the

n

limit z,,, is a fixed point of T" following the b, g,)-continuity of 7', and

n

Ta=T lim z,= lm Tz,= lim =z, =a.
m—+00 m—+00 m—+00

Finally, if a and b are two fixed points, then

{0} C Ui, 5. (@b, ..., b) = U(QTLﬁTL)(T(a),T(b),...,T(b))
C kUi, 5, (@b,...,b).

We conclude from k < 1 that U, (a,b,...,b) = {0}. Consequently, a = b
and the fixed point is unique. O

Conclusion

The objective of this paper is to bring about the study of b, 3.)-
hypermetric spaces and to introduce certain fixed point results of mappings
in the setting of b, 3,)-hypermetric spaces. This study presents the ini-
tial results in this topic and more refined results can be derived in the near
future. Also in the future, we will consider engineering applications of the
considered topic.
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G



Bbigodsli: C nomouwbto coomeemcmeyouux obobuweHul
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Abstract:

Introduction/purpose: Some sums of the polylogarithmic function asso-
ciated with harmonic numbers are established.

Methods: The approach is based on using the summation methods.

Results: This paper generalizes the results of the zeta function series
associated with the harmonic numbers.

Conclusions: Various interesting series as the consequence of the ge-
neralization are obtained.

Key words: polylogarithmic function, series, harmonic numbers, integra-
tion.

Introduction and preliminaries

The polylogarithm is a function in mathematics which was investigated
intensively by many mathematicians. Many of them used different defini-
tions but the one we use is the standard modern definition. For more in-
formation about the polylogarithm as a function consult the following book

Stojiljkovi€, V. et al, Harmonic series with polylogarithmic functions, pp.43—-61
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(Lewin, 1981). Questions about sums and their evaluations trace back to
ancient times. Even the great Euler concerned himself with evaluating the
¢(2) known as the Basel problem, which was later generalized by him in
view of finding a formula for even zeta values. More on various sums and
evaluations can be found here (Hirschman, 2014; Knopp, 1990; Stojiljkovic,
2021; Davis, 2015). We will use the following notation throughout the pa-
per. The first known definition is as follows.

DEFINITION 1. The polylogarithm, see (Lewin, 1981), is defined by a power

series in z, given by
+00 L

. z
Lis(z) = Z R
k=1

This definition is valid for the arbitrary complex order s and for all complex
arguments z with |z| < 1. We will also need the definition given by

Lis(z) = /OZ LiS_il(z)dz.

z

Also, the special case we will use frequently is

Lig(z) = —/OZ ml=2),,

z

For z = 1 we get the Riemann zeta function { which is also a function of the
complex variable s. For more information see (Edwards, 1974; Fabiano,
2020).

+00 1
UJU:C@>:§ZEQ%@)>1
k=1

The second definition is as follows.

DEFINITION 2. The harmonic numbers, see (Olaikhan, 2021), are defined
as follows

11 1
Hy =1+ >4+ ..+
=l g ot

forn > 1 and by definition Hy = 0

The main results of this paper are the following.

>



Theorem 1. Let Lis(z) denote the polylogarithmic function. Then the
following equality holds for |z| < 1

k

ng <Li8(z)—z_..._zs> _

/1 Lis—1(z) — Lis—1(zm) + z2m — z
0

d
1—m m

—Lis—1(2) + =.

Theorem 2. Let Lis(z) denote the polylogarithmic function. Then the
following equality holds for |z| < 1

+o0 2 k

¥4 z
> kHy (Lig(z) —2— — — - — =) =
ot k< 1(Z> z 25 ks)

% (Lis_l(z) — LiS_Q(Z)) +
1 ' Lis_o(2) 4+ Lis_1(2m) — Lis_1(2) — Lis_2(2m)
/

2 1—m

dm

2

Theorem 3. Let Lis(z) denote the polylogarithmic function. Then the
following equality holds for |z| < 1

+oo 22 Zk
> (Lis(z)z% k) =
k=1

1 Lis—1y(2)—2z—(Li(s—1)(2t)—2t 1 Ligs—1y(zm)—zm—(Lis—1)(zmr)—zmr
/1 fo (=1 (2) 1(—t( ) (2t) )dt_fo (s=1)(2m) 1(4( ) (zmr) )drdm
0 (1 —m)?
11, — 2 — (Li _
_/ i(5)(2) — 2 — (Ligs)(2m) zm)dm
0 1-m

_9 (/1 Lis—1(2) — Lis—1(zm) 4+ zm —
0

z .
= m dm — Lis_1(z) —|—z> .

The corollaries of the results are given as follows.

COROLLARY 1. The following equalities come from theorem 1.

“+o00 k
. z z4+In(l—2z
a) E Hy, <L11(Z)—Z—...—kl> :Z£1)’|Z’ <1
k=1

i
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Setting = = § we get
+o00 1I\k
. (1 1 (3)
k=1
We can also derive
+00 Zk 5
c) ;Hk (ng(z) —Z— .= k:2> = —Liy (z — 1) — Lij(2).
By setting = = § we get
+oo 1\k 2
(1 1 )"\ 7

COROLLARY 2. The following equalities come from Theorem 2.

400 22 Zk n(l— =~
)3 kHy (Liz(z)—z—g;_..._(kl> :;121_1>+
k=1

By setting = = 3 we get
+o0 1\2 1\k 2
. (1 L (3) ()"} _5Wln(@2) 1 =«
b);ka<L12<2>—2_ ) =2 i

COROLLARY 3. The following equalities come from Theorem 3.

+o0 22 Zk
a)ZH,? (Lil(z) —ET 5T T T k:) =
k=1
4z +1In(1 - 2) (4 +In(1 — 2)) — 2z Lia (%)
B 2(z—1) ‘

By setting = = 3 we get

+oo 142 1\k 2
DY H (Li(l) (;) - % - (22) - (2’k)> =24 T+ n%(2) ~ In(16).
k=1




Main results

We will need some lemmas in order to proceed further. The following
lemma will be extensively used throughout the paper.

LEMMA 1. The following equality holds for |z| < 1.

+oo E+1

z
27 =Lis_1(2) — 2
s—1 s
P (k+1)
Proof. Follows from the definition of the polylogarithm. O

We will need the following in order to proceed further.
We will need in our analysis Abel’'s summation formula (Bonar & Koury,
2006, p.55),(Lewin, 1981, p.258), which states that if (a,,),>1 and (by)n>1
are two sequences of real numbers and A,, = Y} _; ax, then

Z arbr = Anbpy1 + Z A (b — bry1)
k=1 k=1

We will also be using, in our calculations, the infinite version of the pre-
ceding formula

400 o0
> akbp = lm (Anbni1) + Y Ap(br = brsr):
k=1 k=1

The second lemma will be given.
LEMMA 2. The following identity holds:
> Hy=(n+1)Hpyy—(n+1)
k=1

Proof. We will prove it using the Abel's summation (finite version). By
choosing a, = 1,b, = Hy, we get

i
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ZHk—anH—i—Zk < k—i—l) :anH—Zkf_l:anH—n
k=1

+;k+1:anH—n—i—(HnH—l):(n—i—l)HnH—(n—i—l)

and the proof is done. O

The third lemma that we will need.

LEMMA 3. The following equality holds.

(n+1 n(n+1
Zka_)H”H_(gl)

Proof. We will prove it using the Abel’'s summation (finite version). By
choosing a, = k, b, = H; we get

n(n+1 " k(k+1 1
Zka——)HnH+Z s )(—k+1>_

k=1

:n(n+1)H+1_zn:k:n(n+1)H+1_n(n+1)

2 2 2 4
k=1

and the proof is complete. O

LEMMA 4. The following equality holds for any q and for |z| < 1

z

k+1
lim k7 (Lig(s) — 2 — ) =0
koo <l(z) ‘ (k+1)8> 0

Proof. Let us observe the expression inside the brackets

Zchrl ) Zk+2 Zk+3 Zk+4 N

(Lis(z)—z—-'-— k+ 1) = ]g+2)5+(k+3)5+(k+4)5

G



What we can realise is that every term is less than ;—k therefore, by

k+2 k+3 k+4 k k

<Z z
+“'_E+E+m

k+2r  (k+3)p (ki)

multiplying both sides by k7 and letting the limit go to infinity, we get

. Zk—f—l . k‘zk Zk:
li k9 ( Lig [ e — I O | k9. — = 1i —_—
pm (1<Z> 2 (kﬂ)s)—k;rfm RN =

and this will go to zero independently of s — ¢ — 1 because |z| < 1 and z*
goes faster to zero than any power of the form ks—4-1,

The proof is complete. O

We give our first generalization of the zeta function series.

LEMMA 5. Let Li4(z) denote the polylogarithmic function. Then the following
equality holds for |z| < 1

if(mxﬂ—z—;j—m—Z:):msﬂ@_Lg@)

k=1

Proof. We apply the Abel’'s summation formula with a;, = 1 and b, =

Lis(2) — 2 — & — ... — £ from which we get
too 2 k
z z
L _ - o —
< is(z) — 2z 5 k:3>
k=1
22 Sk Skl T okl
— lim k(L) —r— e — 2 )y S
koo ( I(2) =2 -5 B (kt 1)s> 2o (k+ 1)

Since the first term goes to zero when k£ — 400, Lemma 4 (¢ = 1), we
get

i
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+oo 2 k +oo k41
z z kz
S (w5 5) =X iy
k=1 ( 2 k k=1 (k+1)
Adding and subtracting 1 in the numerator leaves us with two sums

X Lk I Lkt

S —Z —Li,_ — Li,
; (k+ 1)s1 ; k+1yp 1(2) = Lis(2)

because of Lemma 1. The proof is complete.

In the following we give a proof of Theorem 1.

THEOREM 1. Let Lis(z) denote the polylogarithmic function. Then the fo-
llowing equality holds for |z| < 1

+o00 k Le. .
§ : Lis—1(z) — Lis— _

Hy, <Lis(2)—z—---—;s> :/ is-1(2) 11 1(zm) + zm de
k=1 0 —m

—Lis_1(2) + 2.

Proof. By using Abel’s theorem (infinite version) and choosing
ap, = Hy, by, = Lig(z) — z — --- — 2= and Lemma 2 we get

+o0 Zk
> Hy <Lis(z) —z— . — k) =
k=1

P 2kt
— kEI—Poo((k—i_ 1)Hpi — (E+1)) (Lis(z) B T M) +

“+oo
(k4 1) Hpyq — (k+ 1))z
+; (; +1)s '

Since the first term goes to zero when &k — +o0, Lemma 4 (¢ = 2), the
above equals to:

f ((k’ + 1)Hk+1 (k? + ]. k+1 Z Hk+1Z . f Zk+1
£ (k+1)° (k+ 1)1 & (h+1) 1

The second sum follows from Lemma 1. In the first sum we will rewrite
the harmonic number as an integral and interchange the sum and the inte-

<>



gral thanks to Fubini’s theorem:

too Hj 12841 X Lkt 1 _pktl
Zk 137122]{; 1)s—1 1— dm
(k)T k) g m

+
/1 2’0 mk—l—l i
0 k+151 1—m

By rewriting it as two sums, we get

PLER +00 (mz)k+1

/ Zkz 1(lc+1 T 2uk=1 AT
0 1

Using the results from the Lemma 1 leaves us with

_ /1 Lis—1(2) — 2 — (Lis—1(2m) — 2m)
0

= dm.
1—-m m

Which, when substituted above, gives us:

k

+o0 17- .

Lig— — Lig_ —
S 1y (Lis(Z)—z—...—Z>:/ b1(z) “Hhaem) +om =2,
1 ks 0 1-m

—Lis_1(2) + =.

Now we prove Corollary 1, part a).

When s = 1 it can be shown, after a long and tedious calculation, that
the following holds
k

—+00
) z z+In(1—2)
Hi | L -z = | = 1.
; k< i1(2) — 2 k1> po—] 2] <

By setting =z = ; we get b)
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When s = 2 it can be shown, similarly to the case s = 1, that c) part
holds

k

:Z:Hk (Lig(z) - ;) — _Li <Z z 1) CLi(2).

By setting z = % we arrive at d)

+o00 1\k 7_‘_2
> H, <L12 (;) - % — (21@;) =5 ~In().

In the following we give proof of Theorem 2.

THEOREM 2. Let Lis(z) denote the polylogarithmic function. Then the fo-
llowing equality holds for |z| < 1

= 22 2k 1
D kHp (Lis(2) =2 — 52 — .. — = | = = (Lic1(2) — Lis—2(2)) +
! 2s ks 4
1 /1 Lis—2(2) + Lis-1(2m) — Ly 1(2) — Ligo(2m)
2 0 1—-m

Proof. Using the Abel’'s summation with a;, = kH} and b, = Lis(2) — {5 —
... — 2= and Lemma 3 for the a;, part gives

+00 2 k
_ p AN (k(E+DHep k(k+1)
>kt <Lls<z) TET T k) - kEToo< 2 4
. 22 2 2
(=5 G )
f k(k+1D)Hygn  k(E+1)Y 28
2 1 (k+ 1)

k=1

The expression in the brackets goes to zero by Lemma 4, so we are left
with:

1SR kHpy M 18X ekt
2; (k+ 1)1 _4; (k+1)s—1

We will use Lemma 1:
+oo k,zk—H

T Lis—1(z) — Lis(2) -

k=1

<>



As we can see, the second sum is the expression above with s shifted
by —1 and multiplied by %. For the first sum, we will rewrite the harmonic
number into its integral form.

1 f k+12’ +1 1 Jff kokrl 1q_ mk+1d
—_ _— - m =
2 & (k+1)s=1 2 (k+1)5—1 0 l1—m
+oo kszrl |
[ e =

1 s kzkﬂ — Sk k(zm)*

/ =1 (k+1): =LA

2 Jo 1—

Both sums are of the form given above. Therefore, we get

1 /1 Lis_2(2) — Lis_1(2) — (Lis_a(2m) — Lis_1(2m)) im
2 0 1-m '
By incorporating this into the original equality, we get
+oo 2 k
. z z 1. .
;ka (Lls(z) —Em k) = 7 Lis-1(2) — Lis-2(2)) +
1 /1 Lis_o(2) + Lis_1(2m) — Lisz_1(2) — Lis_a(2m) im
2 0 1-m
O
By setting s = 2 it can be shown that Corollary 2 part a) holds
+oo k
. (2)* (2)"\ _1ln(l-2) 1. 2
;ka <L12(z) Pty T T )T L1 —|—2L12 po +

By setting z = ; we arrive at part b)

Stojiljkovi€, V. et al, Harmonic series with polylogarithmic functions, pp.43—-61



ﬁ* VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2022, Vol. 70, Issue 1

i(m(z) ).

Our significant result in this paper is given in the following theorem. The
next theorem will use all the previous results.

THEOREM 3. Let Lis(z) denote the polylogarithmic function. Then the fo-
llowing equality holds for |z| < 1

400 2 k
z z
H? (Lig(z) —2— = — .- ) =

/1 fl Lis—1)(2)—z—(Li(s—1) (2t)— zt)dt fol Li(s_l)(zm)—zm—(Li(s_l)(zmr)—zmr)d
0

r

1— 1—
0 t T dm
1—-m

L Lig, — 2z — (Ligg —
_/ i )(z) z—( i )(zm) zm) -
0 1— m
1 . o . o
5 (/ Lis_1(z) — Lis—1(2m) + z2m Z Li, 1(2) + z) '
0 1 —m
Proof. We will use Abel’'s summation method, choosing
ap = Hy, by = Hy, (Lis(z) —2—&— .- ;—k) with Lemma 2, we will use
the following notation to minimize the clutter in the formulas, let us call
Sy, = Lis(z) — z — & — ... — 2.. By evaluating by — by1 we get
H k+1 S k+1
b — bg1 = b2 k &

k+1p (kD) krperU
By using Abel’s summation we get

lim ((k+1)Hyg1 — (k+1)) Hps 1,41+

k—4o0
+oo szk—i-l S Skl
k+1)Hp — (k+1 —

The expression in the limit goes to zero by Lemma 4. We are left with
the sum

oo 1 oo k41
Hk+1HkZ z ket HkJrl sz
SipH — —_
I e e WL S L ==

<>



+§ +§ kA1
S — s
k=1 k=1 (k+1)

We know the third term from the proof of Theorem 1, the fifth term from
Lemma 5 and the sixth term from Lemma 1. Let us focus on the second
one, sz‘{ Hy.1Sk. This is a separate problem we must deal with. So let
us write

+o00 00 1 —+o0 + Sk
S HeaSe=Y (Hk+ k+1> Sk=" HpSk+)Y_ T
k=1 k=1 k=1 k=1

The first term is known from Theorem 1, but the second one is not, so
we will use again Abel’'s summation method choosing a; = k%q,bk = S.
We get

+oo 1 +oo 1 +o0o 1
k+ SR+ Hk+1 B k+

lim
k—+o0

(Hk—i-l—l)sk—i-l"‘z (Hpp1 — 1) (;Jril)s = ; k1) Z (kZ+ 1)s

k=1 k=1

The first sum is from the proof of Theorem 1 while the second one is
from Lemma 1; therefore, the original second sum is done. Let us deal
with the fourth sum:

+oo k+1 too k+1
Hyz 1 1 z
_— H — =
kzzl (k+ 1)1 kzzl ( FT R ke 1) (k+ 1)1

+oo k+1 +oo k41
Hp 12 +

2 (k+ 1)1 -2 (k+1)s

k=1 k=1

The first sum is from the proof of Theorem 1 while the second one is
from Lemma 1. Therefore, the fourth sum is done. Let us focus on the first
one.

1 1
io Hk+1Hka+1 ¢ Hya (Hk R k+1>

(k11— (k+ 1)1 -
f Hp 2 B Jio U H
(k4 1)s—1 (k+1)

k=1 k=1

k=1
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The second one is from the proof of Theorem 1, but we need to dig
further for the first one

+ +
f HE M 2’0 Hj 120 /1 1— mkHdm B
-1 s—1 _ -
— (k+1)s — (k+1) o l—m
1 +OO Hk+1zk+1 _ +OO Hk+1(m2)k+1
/ k=1 (k1) b=l (D
0 1 —m

The second term is the same as in Theorem 1 when taking z as zm;
therefore, the result follows.

_ d
(k+ 1)1 0 1—r "

f Hy 1 (zm)kt! /1 Lis_1(zm) — zm — (Lis—1(zmr) — zmr)
k=1

While the first one we have directly from the proof of Theorem 1

 Hyp1H /1 Lis1)(2) — 2 — (Ligy(2t) — 21)
0

s—1 = _
P k:+1 1-—1¢

Therefore, by putting all together, we obtain

oo k+1
Hk_HHkZ 1Hk:+1 Hyz
SiH. A
; (k+151 Z k k+1+z k+1 Z(k+1)s—1+
+00 H2 k+1 —+00 k+ Hk+1

I k1
S = kil - H,S
Z’“ Zk+1)s ;(k-ﬁ-)_ ;( (Z’“H
f Zk+1Hk+1 B Ji SR+l N +oo Skl Hp1 B Z Hyi1z k+1 -
~ ) D)) T Ry <k+1>8*1
+00 k+

> ) R L

k=

We can see that four of the terms will cancel themselves; then we plug
the polylogarithm expressions we have got and establish the equality.

—+00
¥:r: (Lis(z) - % B Z) -
k=1
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-
dm

1 Ligs—1y(2)—z—(Li(s—1)(2t)—2t) 1 Li(s—1)(zm)—2zm—(Li(s—_1)(zmr)—zmr
/1 fo (s=1) 1(—t( ) ( dt — fO (s—v(2m) 1(_r( ) (zmr) ) d
0 1 —m
'Ligg)(2) — 2 — (Li(s) (2m) — zm)
_/0 1-m

5 /1 Lis_1(2) — Lis_1(2m) 4+ zm — z
0 ]. —m

dm—

dm — Lis_1(2) + z) )
And the proof is done. O

By setting s=1 in theorem 3 we arrive at Corollary 3 part a)

22 Zk
ZHk, (Lll _Z_ﬁ _k>:

B 4z+1n(1 —2)(4+1In(1 - 2)) — 2z Lia (=

)
2(z—1) '

By setting z = % we arrive at part b) of Corollary 3
+o00 142 1\k
o (o (LY oG G s
;Hk (Ll(l) <2 B B 2 2+ 12 —Hn ( ) 111(16).

Some examples of series

The usage of the previously derived theorems will be displayed in the
following examples. Equipped with the series in a closed form we have de-
rived, we can get many series via incorporating the values from the domain
which is |z| < 1. By letting z = \/52‘1 in Corollary 1 part c), Corollary 2 part
a) and Corollary 3 part a) we get, respectively

= C(VE-1\ V5-1 (V5L
;Hk <L12< 2 ) — 2 — .. — 22 ) =

10“2< >““< )

R C(VE-1Y V51 (S*
;ka (ng < 9 ) 9 22 — ... 22 > =

o
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1-VEH (VBT In (53 —V5)) +2(v5 —3)csch ' (2)*

4(v/5 - 3) 20
+oo . \/5_1 \/5_1 (\/5—1)2 (\/5—1)19
;H,f(hl( 5 )- R =

_ 10(\;_3) ((\/5— a2 — 20 + 20\@) +

V5 -3

More interesting sums can be obtained incorporating in the value z =
3—v5
2.

Lt (m <;(47 — 21%5)) + cosh™! @)2 +(V5-1) csch1(2)2)

By setting z = % in Corollary 1 part c), Corollary 2 part a) and Corol-
lary 3 part a), we get, respectively

2 C(3-vB\ 3-5 (3505
;Hk (le < 9 ) - 9 — .. — 22 ) =

_ 7L2 _ lcsch_l(Q) (2 + csch_1(2))
15 2
ka P EESE) B ERCH )
k 2 2 2 ]{72
k=1
1 .

(2 —2V5 + (1+ \/5) Sinhfl(Q) + CSChfl(Q)(E) +v5+ 4csch*1(2))) ~30
-~ . (3-V3\ 3-5 3=V/5)k
ZH13<L12< 5 >— 5 —...—(22)>:
k=1

((\/5 )2+ 15(2(v5 — 1) — 2(1 + v/B) esch L (2) + csch*1(2)2)> .

16

1
30
The numerical values of Li, at the points z = ¥5-1 _¥5=1 _ 1445 cgn

be found here (Lewin, 1981). Many more series can be obtained by sub-
stituting different values.

T



Conclusions

1. To assure the accuracy of the results, we verified all the numerical
series identities through Wolfram Alpha.

2. Further questions can be asked regarding the sums with harmonic
numbers of an arbitrary order as to, whether it is possible to find more of
them of the form H% for some fixed k.

3. In this paper, we generalized the results given in (Furdui, 2016) as the
polylogarithm is a generalization of the zeta function since Lis(1) = ((s).
We can obtain many more series by varying the two parameters z and s.
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Summary:

Introduction/purpose: The paper presents interesting research related to
the performance analysis of the picture-wise just noticeable difference
(JND) prediction model and its application in the quality assessment of
images with JPEG compression.

Methods: The performance analysis of the JIND model was conducted in
an indirect way by using the publicly available results of subject-rated
image datasets with the separation of images into two classes (above and
below the threshold of visible differences). In the performance analysis of
the JND prediction model and image quality assessment, five image
datasets were used, four of which come from the visible wavelength
range, and one dataset is intended for remote sensing and surveillance
with images from the infrared part of the electromagnetic spectrum.
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Results: The paper shows that using a picture-wise JND model,
subjective image quality assessment scores can be estimated with
better accuracy, leading to significant performance improvements of
the traditional peak signal-to-noise ratio (PSNR). The gain achieved by
introducing the picture-wise JND model in the objective assessment
depends on the chosen dataset and the results of the initial simple to
compute PSNR measure, and it was obtained on all five datasets. The
mean linear correlation coefficient (for five datasets) between
subjective and PSNR objective quality estimates increased from 74%
(traditional PSNR) to 90% (picture-wise JND PSNR).

Conclusion: Further improvement of the JND-based objective measure
can be obtained by improving the picture-wise model of JND
prediction.

Key words: just noticeable difference, JPEG compression, peak signal-
to-noise ratio, subjective and objective image quality assessment.

Introduction

With the rapid development of systems for digital processing,
transmission and display of images and videos, there has been a
growing interest in efficient image/video compression techniques (Lu et
al, 2021). Among the techniques intended for image compression, the
JPEG technique (Wallace, 1992), (Pennebaker & Mitchell, 1993) has
been the most widely accepted for more than 25 years. The original
JPEG development team members emphasize that the longevity of this
technique is a consequence of well-defined mandatory conditions that it
had to meet and fundamental components such as fast discrete cosine
transform, psychovisual quantization, modeling, encoding, a royalty-free
baseline, progressive modes, lossless compression support and real-
time implementation (Hudson et al, 2017), (Hudson et al, 2018). The
JPEG technique still meets the average user demand, so it is to be
expected that it will be present in the coming decades.

Image compression techniques, along with the elimination of coding
and spatial redundancy, use some of the characteristics of the human
visual system (HVS), i.e. use visual redundancy. One of the
characteristics is related to the just noticeable difference (JND) threshold.
JND, as a perceptual threshold in image processing, is used in
perceptual image compression (Tian et al, 2020), (Wang et al, 2019), and
can also be used in objective image quality assessment (Toprak &
Yalman, 2017), (Seo et al, 2021). The first and most significant JND
threshold/point refers to the transition between a pristine and an image
with visible distortions, or rather the transition from perceptually lossless
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to perceptually lossy encoding (Huang et al, 2018). Research on JND
has intensified in recent years thanks to publicly available image and
video datasets with the results of subjective tests, among which there are
three JND-based image datasets with JPEG compression (Jin et al,
2016), (Liu et al, 2018), (Ahar et al, 2018). These three datasets are
intended for different purposes — compression of natural images (Jin et
al, 2016), compression of panoramic images (Liu et al, 2018) and
compression of high dynamic range images (Ahar et al, 2018). JND-
based subjective quality analyses also have been conducted on JPEG
2000, H.265 and VVC compressed images, and on H.264 and H.265
compressed videos (Bondzuli¢ et al, 2021).

The MCL-JCI dataset described in (Jin et al, 2016), as a dataset of
natural scene images, contains information on the JND points of JPEG
compressed images and was used to predict JND points in (Fan et al,
2019), (Lin et al, 2020), (Liu et al, 2020), (Bondzuli¢ et al, 2021). The
mean absolute error (MAE) of the PSNR between the predicted and
ground truth JND distributions was used as a prediction accuracy
measure. The deep learning approaches (Fan et al, 2019), (Lin et al,
2020), (Liu et al, 2020) yielded the MAE for the first IND point of 0.69 dB,
0.58 dB and 0.79 dB, respectively. Recent research published in
(Bondzuli¢ et al, 2021) has shown that based on only one feature derived
from a source non-compressed image (mean gradient magnitude, MGM),
the PSNR of the first JIND point of an image with JPEG compression can
be reliably predicted (linear correlation coefficient between PSNR of the
predicted and ground truth first JND points is greater than 92%, while the
MAE between them is 1.21 dB). The proposed approach does not require
complex vision or masking models and determines the optimal JPEG
quality factor through a simple rate-distortion function using the
computationally efficient PSNR metric for objective quality assessment.
The high degree of correlation can be explained by a good prediction of
image complexity using MGM, which is essential in determining the
degree of compression and bandwidth allocation (Yu & Winkler, 2013).

The research in this paper aims to further confirm the success of the
prediction of the first JIND points for a given image using a simple and
fast approach (Bondzuli¢ et al, 2021) and to show that the information of
position of the first IND points can be used to reliably evaluate quality of
images with JPEG compression. Prediction success and reliable
evaluation were confirmed on five subject-rated image datasets
containing images with JPEG compression.

<>



Prediction of the first IND point for JPEG compressed
Images

The quality factor (QF), whose values range from 0 to 100, has been
used to control the quality of JPEG compressed images. Higher QF
values correspond to better quality images. Although one can choose a
QF from 0 to 100, with an increment equal to one, recent research has
shown that observers can distinguish a finite number of image quality
levels (four to eight), and that the relationship between perceptual
distortions and a bit-rate/distortion level is not a continuous but a step
function (Jin et al, 2016). The steps of this function represent the JND
points. The first among them, and at the same time the most important
JND point, refers to the maximum difference between the original and the
test image that the HVS will not notice (Li et al, 2020), (Bondzuli¢ et al,
2017). This transition point between the original image and the images
with visible degradations also represents the transition from perceptually
lossless to perceptually lossy encoding. The second JND point is
obtained by detecting noticeable differences from the first JND point
(anchor), i.e. lower JND points are used as anchors to determine higher
JND points.

Figure 1 shows the original uncompressed image from the MCL-JCI
dataset (Jin et al, 2016), its stepwise distribution of JND points and the
regions of the original image and images corresponding to JND points.
The results of subjective tests were given through the stair quality
function (SQF), which represents the normalized cumulative sum of the
JND function, and was obtained by analysing and post-processing raw
JND data. The height of the SQF function for a boundary point with
QF=100 is equal to one and defines the maximum possible quality. The
first drop in quality corresponds to the first JND point (JND #1), and its
height corresponds to subjective quality. This point corresponds to the
image with QF=35, and its subjective quality is SQF=0.92. The position
of the first IND point depends on the image content and for 50 source
images from the MCL-JCI dataset these positions were obtained for a
wide range of QF values, from 25 to 70 (Jin et al, 2016).

The regions in Figure 1 show visible differences between the images
corresponding to the higher JND points (JND #2 and JND #3) and the
region of the original image.

Prediction of the first IND point for JPEG compressed images can
be achieved in the PSNR, QF, and bits per pixel (bpp) domains, but
researchers suggested using the PSNR domain to predict the first IND
point (Liu et al, 2020), (Bondzuli¢ et al, 2021).
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The procedure for determining the estimation of the ground truth
PSNR value (PSNR JND #1) proposed in (Bondzuli¢ et al, 2021) is
carried out in several steps. In the first step, if it is a color image, the
conversion from the RGB color format to a grayscale image is performed
(Gonzalez & Woods, 2018):

f (n,m)=0.299R(n,m)+0.587G(n,m) +0.114B(n,m). (1)

() IND #2 (QF=21, SQF=0.65) (f) IND #3 (QF=14, SQF=0.54)

Figure 1 — (a) (b) original image rich in detail and its SQF function, (c) (d) (e) and (f)
regions of the original image and compressed images corresponding to the JND points
Puc. 1 - (a) (b) ucxooHoe usobpaxeHue, 602zamoe demansmu, u e2o pyHkyusi SQF, (c)
(d) (e) u (f) obrnacmu ucxo0HO20 U306paXXeHUsT U CxKambix U3obpaxxeHud,
coomeemcmeyrowjue moykam JND
Cnuka 1 - (a), (b) — opueuHanHa cnuka 6oezama demarbuma u eHa SQF ¢hyHkyuja, (C),
(d), (e) u (f) — peauoHuU opueuHanHe cruke U KOMIPUMOBaHUX CruKa Koju odzosapajy JND
maykama
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In the second step, the responses gx and gy of the grayscale image
to the 2D Sobel filters are determined:
g,(nnm)=f(n+Im-D+2f(n+Lm)+ f(n+1,m+1) )
—[f(h-Lm-D)+2f(n-1L,m)+ f(n-1,m+1)]
and
g,(n,m)=f(n-Lm+)+2f(n,m+)+ f(n+Lm+1)

—[f(n-Lm-2)+2f(n,m-1)+ f(n+1,m-1)] (3)

From the resulting gxand gy oriented gradient components, the MGM
information is easily obtained according to:

1 1
MGM =2 g JOz(nm)+gz(n,m), (@)

NM

where gmax is the experimentally determined maximum magnitude value,
taken as gmax=4.472 for grayscale images with a dynamic range 0 to 1
(image f which is an 8-bit unsigned integer array with a range of 0 to 255
is linearly scaled to a dynamic range of O to 1 with a double-precision 64-
bit format) (Bondzuli¢ et al, 2021).

The PSNR JND #1 prediction is determined based on the MGM
information as:

2115.5MGM ? —377MGM +46.4, MGM < 0.0896

(5)
29.58, MGM > 0.0896

PSNR(MGM) :{

and this mapping function is shown in Figure 2.

The optimal values of the coefficients in Eq. (5) were determined
based on the results of subjective tests on the MCL-JCI dataset
(Bondzuli¢ et al, 2021).

Figure 2 shows that, with increasing MGM, the value of PSNR
prediction decreases, where for MGM=0.0896 the mapping function
reaches its minimum value (PSNRmin=29.58 dB). This can be explained
by the influence of contrast and texture that are important for visibility
masking estimation because in the regions that contain more non-
uniform contents more distortion can be tolerated than in the regions with
homogeneous content. Furthermore, block-based JPEG coding
suppresses high-frequency components. In the homogeneous regions
with gradual color/intensity change, the blocking artifact is visible to
observers. In contrast, the distortion is less obvious in the textured

regions (Jin et al, 2016).
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Figure 2 — PSNR prediction of the first JND point based on the mean gradient magnitude
Puc. 2 — NpoeHo3 PSNR nepsoti moyku JND Ha ocHogaHuu cpedHel 8esuyUHbI
epadueHma
Cnuka 2 — PSNR nipedukyuja npee IND mauke Ha ocHO8Y cpedre apedHocmu
amnnumyde epadujeHma

JND prediction and image quality analysis

The described model (Bondzuli¢ et al, 2021) was used without any
additional adjustments to determine the PSNR estimates of the first IND
points of the reference images from the four datasets. For example, the
adopted JND model is trained on high spatial resolution images
(1280x1920 pixels), and will be tested on images that are of significantly
lower resolution.

Figure 3 shows the scatter plots of subjective (mean opinion score —
MOS/difference MOS — DMOS) and objective (PSNR) quality scores.
Each point on the scatter plots corresponds to one test image with JPEG
compression. Scatter plots are shown for four image datasets, three of
which are publicly available — LIVE (Sheikh et al, 2006) (with 29 original
images), CSIQ (Larson & Chandler, 2010) (with 30 original images) and
VCL@FER (Zari¢ et al, 2012) (with 23 reference images). The fourth
image dataset, marked with LWIR, will be publicly available soon, and
can be obtained by sending an inquiry to the authors who created it
(Merrouche et al, 2018). A subset of 100 images with JPEG compression
was taken from the LWIR dataset containing images from the infrared
part of the electromagnetic spectrum. The LWIR dataset test images
were created from 20 original images, and their quality was reduced
using five degradation levels (five quality factors). In subjective tests, the
scores of 31 observers were collected.
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On the scatter plots, JPEG images are represented by two symbols,
where the first symbol (0) corresponds to the images in which the PSNR
of the test image is above the PSNR JND #1 (this is the first class of
images, which should consist of high quality images, and in which there
is no loss of visual information). The second symbol (A) corresponds to
the images for which the PSNR of the test image is below the PSNR JND
#1 (this is the second class of images that should consist of lower quality
images). A similar idea of dividing images into two classes was used in
(Ponomarenko et al, 2015).

1 . . .
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Figure 3 — Scatter plots of subjective and PSNR objective image quality scores for JPEG
images from four datasets: (a) LIVE (175 images), (b) CSIQ (150 images), (¢) VCL@FER
(138 images) and (d) LWIR (100 images)

Puc. 3 — [Juaepammbl pa3bpoca cyb6beKmuHbIX OUEHOK Kadecmea usobpaxeHul u
06bekmugHbiIx oyeHok PSNR 0nsa uzobpaxeHuti JPEG u3 yembipex Habopos daHHbIX:
(a) LIVE (175 usobpaxenuti), (b) CSIQ (150 uzobpaxeHul), (c) VCL@FER (138
uzobpaxeHud) u (d) LWIR (100 usobpaxeHutl)

Cnuka 3 — [Qujagzpamu pacunama cybjekmusHux u PSNR objekmueHux ckoposa
keanumema JPEG criuka us yemupu 6ase: (a) LIVE (175 cniuka), (b) CSIQ (150 crnuka),
(c) VCL@FER (138 cnuka) u (d) LWIR (100 cnuka)
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Figure 3 shows that the proposed approach for the first JIND point
estimation proved to be excellent on the LIVE and CSIQ datasets. By
applying the PSNR of the first IND point, images of excellent visual quality
were detected — they correspond to lower values of subjective DMOS
scores. Slightly worse results of the proposed first JND point estimation
model can be seen for the images from the VCL@FER dataset.

The surprising result of the proposed approach can be seen on the
LWIR image dataset. Although it is a dataset of images from the invisible
(infrared) part of the electromagnetic spectrum, the proposed approach of
the first JND point estimation has proven to be very successful in detecting
JPEG compressed images with high quality — they correspond to higher
values of subjective MOS scores. In this way, the validity of the proposed
PSNR estimation of the first IND point was indirectly confirmed, using the
results of subjective quality tests of available image datasets.

Figure 4 shows two source images from the LWIR dataset and their
JPEG compressed versions for which the PSNR value is above the PSNR
JND #1. The test images are of excellent and good visual quality, i.e. there
is no visual difference between the pair of images shown in Figures 4(a) and
4(b) (MOS=5), while the observers noticed slight differences between the
pair shown in Figures 4(c) and 4(d) (MOS=4).

For the two selected examples, the degrees of image compression are
approximately equal and are 21.7 (Figure 4a) and 23.3 (Figure 4b).

G



Figure 4 — (a) original image (image size is 608 kB), (b) test image with JPEG
compression (PSNR=42.47, PSNR JND #1=39.92, MOS=5, image size is 28 kB), (c)
original image (image size is 256 kB) and (d) test image with JPEG compression
(PSNR=40.03, PSNR JND #1=38.18, MOS=4, image size is 11 kB)

Puc. 4 — (a) ucxodHoe u3obpaxeHue (pa3mep uszobpaxeHus 608 kB), (6)
mecmosoe u3obpaxeHue co cxamuem JPEG (PSNR=42.47, PSNR JND #1=39.92,
MOS=5, pasmep uzobpaxeHusi 28 kB), (8) ucxodHoe u3obpaxeHue (pa3mep
usobpaxeHus 256 kB) u (d) mecmoeoe usobpaxeHue co cxxamuem JPEG (PSNR=40.03,
PSNR JND #1=38.18, MOS=4, pasmep uzobpaxeHus 11 kB)

Cnuka 4 — (a) opuesuHarnHa crnuka (eenuduHe 608 kB), (b) mecm-cnuka ca JPEG
komnpecujom (PSNR=42,47, PSNR JND #1=39,92, MOS=5, gesiuyuHa cnuke je 28 kB),
(c) opueuHanHa cnuka (senu4uHe 256 kB) u (d) mecm-cnuka ca JPEG komnpecujom
(PSNR=40,03, PSNR JND #1=38,18, MOS=4, genu4uHa crnuke je 11 kB)

Impact of JND prediction on image quality assessment

The described approach of the PSNR estimation of the first JIND
point is derived from the results of subjective tests of the MCL-JCI
dataset (Jin et al, 2016) in which 50 original images are used. The
degree of agreement between SQF subjective and objective quality
scores on this JPEG image dataset is worse than the degree of
agreement between subjective and objective quality scores on publicly
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available image datasets such as LIVE, CSIQ, VCL@FER and similar
(Bondzuli¢ et al, 2020). A very low degree of agreement between the
SQF subjective and PSNR objective quality scores on this image dataset
can be observed through the large spreading on the scatter plots shown
in Figure 5. The scatter plots are shown for PSNR objective quality
scores. The degraded images originating from the same original image
are on the scatter plot in Figure 5(a) connected by lines of different
colors. On the scatter plot in Figure 5(b), the images corresponding to the
JND points derived from subjective tests are marked with different
symbols (from JND #1 to JND #7).

Additionally, in Figure 5(a), it can be seen that the slope of the lines
corresponding to the images originating from the same original image is
approximately the same. The spreading in the space of subjective and
objective quality scores is a consequence of the different content of the
original images. Similar conclusions related to the PSNR performance in
video quality assessment were reached by the authors in (Huynh-Thu &
Ghanbari, 2008), (Bondzulic et al, 2016). The goal of designing objective
guality assessment measures is that the results of the assessment,
among other things, do not depend on the content of the original images.

1 1
0.8 0.8
L 06 L 06 )4
3 3 o
0.4 0.4 o
(’_ *
0.2 0.2 % 4
| D JND#7
0 0
20 30 40 50 20 30 40 50

PSNR (dB) PSNR (dB)

@ (b)
Figure 5 — Scatter plots of subjective and PSNR objective quality scores of MCL-JCI
JPEG compressed images: (a) the scatter plot is shown regarding the images originating
from the same original image and (b) the scatter plot with marked JND points

Puc. 5 — [uazpammbl pazbpoca cybbeKkmueHbIX OUEHOK Kayecmea U 06beKmuBHbIX
oueHok PSNR cxambix usobpaxeruti MCL-JCI JPEG: (a) epachuk pasbpoca nokasaH 8
coomeemcmeuu ¢ U30bpaxeHuUsMU, MPoucxo0sujuUMuU u3 0OHO20 U MOo20 Xe UCX0OH020

usobpaxeHusi, u (b) epaghuk pazbpoca c ommeyeHHbIMU modkamu JND

Cnuka 5 — [Qujaepamu pacunama cybjekmusHux u PSNR objekmueHux ckoposa
keanumema JPEG komnpumosaHux criuka MCL-JCI 6ase: (a) dujazpam pacunama je
rpuka3aH fpema criukama Koje nomudy o0 ucme opuauHarsnHe cnuke u (b) dujazpam
pacunara ca obenexeHum JIND maykama
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Figure 6(a) shows the curves of the JND points from the two
source images, between which are the other JND points of the scatter
plot between the SQF and PSNR scores on the MCL-JCI image
dataset.

Figures 6(b) and 6(c) show the original images corresponding to
the curves of Figure 6(a), i.e. the left and right boundaries on the
scatter plot. It can be concluded that the points on the scatter plot are
located between the JND points of the image with uniform regions and
visible boundaries between them (right scatter border), and the image
with a pronounced uniform region in the upper third of the image (with
intensity saturation), and rich in details in the rest (left scatter border).

From Figure 5 it can be seen that the vertices of the curves start
from the images corresponding to the first JND points. In order to
make the result of the PSNR objective quality evaluation independent
of the content of the original images, it is reasonable to define the
differential PSNR as the difference between the PSNR and the
estimation of the PSNR JND #1:

DPSNR = PSNR —PSNR JND #1. (6)

DPSNR values can be both positive and negative. Positive values
correspond to good quality images (PSNR>PSNR JND #1), while
negative values correspond to lower quality images. Also, DPSNR is a
picture-wise JND measure of objective image quality assessment.
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Figure 6 — (a) the relationship between SQF and PSNR for the two source images of the
MCL-JCI dataset, (b) the original image corresponding to the left boundary of the JIND
points and (c) the original image corresponding to the right boundary of the JND points of
the MCL-JCI image dataset

Puc. 6 — (a) esaumoces3b mexdy SQF u PSNR 0ns d8yx ucxo0HbIx u3obpaxeHul
Habopa daHHbix MCL-JCI, (b) ucxodHoe uzobpaxeHue, coomeemcmayrouiee f1eeoll
epaHuye moyek JND, u (c) ucxodHoe usobpaxeHue, coomeemcmeyrowiee rpasoli
epaHuue JND-moyku Habopa OaHHbIx uzobpaxeHusi MCL-JCI

Crnuka 6 — (a) ee3a uamehy SQF u PSNR 3a dse udsopHe cnuke u3z MCL-JCI 6ase, (b)
opu2uHarsHa criuka Koja o02o8apa nesoj epaHuyu JND mayvaka u (C) opueuHaHa criuka
Koja odzoeapa OecHoj eparHuyu JND mavyaka MCL-JCI 6a3se cnuka

The scatter plots of subjective and DPSNR objective quality scores
on the four analyzed image datasets are shown in Figure 7. Significantly
less spreading of scores is observed in relation to the spreading of the
scores of the PSNR objective measure (Figure 3).
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Figure 7 — Scatter plots of subjective and DPSNR objective quality scores of images with
JPEG compression on four datasets: (a) LIVE, (b) CSIQ, (c) VCL@FER and (d) LWIR
Puc. 7 — Juaepammbl pa3bpoca cybbekmueHbIX U 06beKmMuUBHbIX OUEHOK Kayecmea
DPSNR u3obpaxeHuti co cxamuem JPEG 0nsi yembipex Habopoes daHHbix: (a) LIVE, (b)
CSIQ, (c) VCL@FER u (d) LWIR
Figure 7 — fujacpamu pacunara cybjekmusHux u DPSNR o6jekmueHux ckoposa
keanumema cruka ca JPEG komnpecujom 3a yemupu 6ase: (a) LIVE, (b) CSIQ, (c)
VCL@FER u (d) LWIR

Table 1 provides the quantitative indicators of the degree of
agreement between the subjective and PSNR/DPSNR objective quality
scores for the four analyzed image datasets. The linear correlation
coefficient (LCC), Spearman’s rank-order correlation (SROCC), mean
absolute error (MAE), root mean square error (RMSE) and outlier ratio
(OR) between the subjective and objective quality scores after nonlinear
regression using a logistic function with four parameters were used as
guantitative indicators (ITU-T, 2004), (Bondzuli¢ et al, 2018). In addition
to the performance of these two objective measures, the performance of
the HVS-based objective measures is given: PSNR-HVS (Egiazarian et
al, 2006), PSNR-HVS-M (Ponomarenko et al, 2007) and WNMAE
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(Huang et al, 2018). PSNR-HVS and PSNR-HVS-M measures are sub-
band models that take into account the contrast sensitivity function.
Additionally, PSNR-HVS-M takes into account the between-coefficient
contrast masking of the discrete cosine transform basis functions
(Ponomarenko et al, 2007). WNMAE is a traditional pixel-wise model
based on JND. Through this measure, HVS’s physiological (color and
light sensitivity) and psycho-physiological (texture and edge sensitivity)
characteristics were implemented. The two best results for each dataset
and for each quantitative indicator are in Table 1 marked in bold.

Table 1 — Performance comparison of objective measures on four datasets
Tabnuua 1 — CpasHeHue aghghekmusHocmu 06 beKMUBHbIX MoKazamersiel 1o Yembipem
Habopam OaHHbIX
Tabena 1 — lNopeherwe nepghopmaHcu objekmusHUX Mepa Ha Yyemupu ba3se

Dataset Measure LCC SROCC MAE RMSE | OR [%]
PSNR 0.8879 | 0.8809 | 11.3594 | 14.6532 | 12.5714
DPSNR 0.9649 | 0.9565 | 6.5225 | 8.3637 | 1.1429
LIVE PSNR-HVS 0.9585 | 0.9478 | 7.1802 | 9.0760 | 1.1429
PSNR-HVS-M 0.9752 | 0.9650 | 5.5549 | 7.0493 | 0.0000
WNMAE 0.9143 | 0.9113 | 9.9537 | 12.9013 | 5.7143
PSNR 0.8906 | 0.8879 | 0.0964 | 0.1391 | 31.3333
DPSNR 0.9707 | 0.9510 | 0.0547 | 0.0735 | 19.3333
CsIQ PSNR-HVS 0.9577 | 0.9400 | 0.0603 | 0.0880 | 22.6667
PSNR-HVS-M 0.9733 | 0.9512 | 0.0501 | 0.0702 | 20.0000
WNMAE 0.8971 | 0.8962 | 0.0946 | 0.1352 | 34.0000
PSNR 0.6041 | 0.6040 | 13.6027 | 16.7039 | 69.5652
DPSNR 0.8269 | 0.8262 | 9.2646 | 11.7856 | 52.1739
VCL@FER PSNR-HVS 0.8741 | 0.8775 | 7.8178 | 10.1823 | 48.5507
PSNR-HVS-M 0.9408 | 0.9388 | 5.5695 | 7.1051 | 33.3333
WNMAE 0.6252 | 0.6279 | 13.2803 | 16.3580 | 71.7391
PSNR 0.8377 | 0.8146 | 0.4362 | 0.5650 | 59.0000
DPSNR 0.9481 | 0.9238 | 0.2596 | 0.3290 | 45.0000
LWIR PSNR-HVS 0.8238 | 0.8018 | 0.4573 | 0.5865 | 63.0000
PSNR-HVS-M 0.8389 | 0.8135 | 0.4492 | 0.5631 | 65.0000
WNMAE Not applicable

The performance of the DPSNR objective measure is significantly
better than the performance of the PSNR, for all five quantitative
indicators and on four datasets. It can be noticed that the performance of
the DPSNR is the worst on the VCL@FER image dataset, where the
original PSNR has the worst results.
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The DPSNR performance is at the top on the LIVE and CSIQ
datasets, along with the PSNR-HVS-M measure. Two sub-band models
provide the best results on the VCL@FER image dataset, while the
performance of the proposed DPSNR approach is best on the LWIR
dataset of images from the infrared part of the electromagnetic spectrum.
The performance of the WNMAE objective measure is slightly better than
the performance of the worst ranked PSNR objective measure.

A careful reader may notice that in comparing the results of objective
measures between different datasets (Table 1) one should be careful
because different grading scales in subjective experiments have been
used on different datasets (see Figures 3 and 5). The dynamic range of
the grading scale affects the MAE and the RMSE. In this case, the LCC
and SROCC values are relevant for comparing the results between the
datasets.

The performance of objective measures was additionally analyzed
on the MCL-JCI image dataset, which was used to train the estimation
algorithms of the first IND point. Figure 8 shows the scatter plots of the
SQF subjective and PSNR objective quality scores with image division
into two classes, using PSNR JND #1 values estimated using the
approaches described in (Bondzuli¢ et al, 2021) and (Lin et al, 2020).
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Figure 8 — Scatter plots of SQF subjective and PSNR objective scores on the MCL-JCI
image dataset with division of images into two classes, where the estimates of PSNR
JND #1 were determined based on: (a) approach (Bondzulic¢ et al, 2021) and (b)
approach (Lin et al, 2020)

Puc. 8 — fQuaepammbl pa3bpoca cybbekmugHbix oueHoK SQF u 06beKmMueHbIX
oueHok PSNR e Habope OaHHbIx usobpaxeHuli MCL-JCI ¢ pa3deneHuem uzobpaxeHul
Ha dea knacca, 20e oueHku PSNR JND #1 6binu onpederneHbl Ha 0OCHo8aHUU: ()
rnodxoda (Bondzuli¢ et al, 2021) u (6) nodxoda (Lin et al, 2020)

Cnuka 8 — [ujazpamu pacunama SQF cybjekmusHux u PSNR ob6jekmusHux ckoposa Ha
MCL-JCI 6a3u ca nodenom Ha dee knace cruka, e0e ce 3a oopehusar-e PSNR IJND #1
kopucmu: (a) npucmyn u3 (Bondzuli¢ et al, 2021) u (b) npucmyn u3 (Lin et al, 2020)
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From Figure 8 it can be concluded that, by applying the approach
(Lin et al, 2020), more JND #1 points are detected than by applying the
approach (Bondzuli¢ et al, 2021) (additionally, see Figure 5(b)). It can
also be observed that using this approach, several other (higher) JND
points that are above the threshold of visible differences (PSNR JND #1)
were detected.

The values of the DPSNR objective measure were determined on
the basis of two estimates of PSNR JND #1 — the approaches described
in (Bondzuli¢ et al, 2021) and (Lin et al, 2020). The scatter plots of the
SQF and DPSNR scores on the MCL-JCI dataset and the corresponding
logistic functions are shown in Figure 9, while the gquantitative indicators
of the degree of their agreement are given in Table 2.
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Figure 9 — Scatter plots of subjective and DPSNR objective scores on the MCL-JCI image
dataset where the estimates of PSNR JND #1 were determined based on: (a) approach
(Bondzuli¢ et al, 2021) and (b) approach (Lin et al, 2020)

Puc. 9 — fluazpammbl pa3bpoca cybbeKkmueHbIX OUEHOK U 06 beKMUBHbIX OUEHOK
DPSNR 6 Habope OaHHbIx usobpaxeHuli MCL-JCI, 20e oueHku PSNR JND #1 6biriu
onpedersieHbl Ha OCHogaHuu: (a) modxoda (Bondzulic et al, 2021) u (b) nodxoda (Lin et al,
2020)

Cnuka 9 — [ujazpamu pacunara cybjekmusHux u DPSNR objekmugHux ckopoga MCL-
JCI 6a3e cnuka, 20e ce 3a odpehusarbe PSNR JND #1 kopucmu: (a) npucmyn u3
(Bondzuli¢ et al, 2021) u (b) npucmyn u3 (Lin et al, 2020)

From Figure 9 and from Table 2, it can be noticed that there is a
significantly higher degree of agreement between the SQF and DPSNR
objective quality scores determined using the PSNR JND #1 estimates
based on the approach from (Lin et al, 2020). This result could be
expected because this approach has a mean absolute PSNR JND #1
estimation error of 0.58 dB on the MCL-JCI image dataset, while the
approach described in (Bondzuli¢ et al, 2021) has a higher estimation
error (1.21 dB). In this case, although the poor performance of the
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baseline PSNR measure (LCC=0.4721), using PSNR JND #1 the
performance of DPSNR was significantly increased and exceeded the
performance of other measures (LCC=0.9194).

Table 2 — Performance comparison of the objective measures on the MCL-JCI
dataset
Tabnuuya 2 — CpasHeHue rpou3sodumesibHocmu 06bLeKMUBHbIX nokazamernel 8 Habope
O0aHHbIX MCL-JCI
Tabena 2 — lNopehere nepghopmaHcu objekmusHux mepa Ha MCL-JCI 6a3u criuka

Dataset Measure LCC SROCC MAE RMSE
PSNR 0.4721 0.4486 0.1907 0.2288

DPSNR (Bondzuli¢ et al, 2021) 0.7973 0.7930 0.1222 0.1566

MCL-JCI DPSNR (Lin et al, 2020) 0.9194 0.9144 0.0779 0.1021
PSNR-HVS 0.7679 0.7506 0.1328 0.1662

PSNR-HVS-M 0.8584 0.8456 0.1026 0.1331

WNMAE 0.4783 0.4665 0.1899 0.2279

Although the introduction of the objective measure DPSNR has
significantly improved the degree of agreement between subjective and
PSNR objective quality scores, there is still room for improvement, and
the degree of improvement will depend on the accuracy of PSNR JND #1
estimation.

The position of the threshold of visible differences introduced in the
guality assessment through PSNR JND #1, in this paper improved the
performance of PSNR on the class of images with JPEG compression.
This is a consequence of reducing the dependence of objective
estimates on the content of the source signal. We expect that with
reliable estimation of the position of PSNR JND #1 for other image
classes (types of degradation), the performance of PSNR of individual
classes will be improved, as well as the performance on a global level
(reducing the dependence of estimates on the type of degradation).

Conclusion

The paper analyzes the reliability of one approach/model for the
peak signal-to-noise ratio estimation of the visible differences (JND #1
point) of images with JPEG compression. Reliability was confirmed in an
indirect way by using the results of subjective tests of five available
image datasets, i.e. it has been shown that by applying a peak signal-to-
noise ratio of the first JIND point, high quality images can be detected. As
the proposed approach was derived on one of the analyzed image
datasets, and the success was confirmed on the four remaining ones, it
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can be concluded that the findings derived from subjective tests on one
dataset can be successfully used on other related datasets.

The paper additionally shows that the performance of the peak
signal-to-noise ratio as a measure of objective quality assessment can be
improved by taking into account the PSNR values of the first JND point.
Improvement was achieved on image datasets with JPEG compression,
through a significant increase in the degree of agreement between
subjective and objective quality scores. Also, it has been shown that
improving the accuracy of the estimation of the first JND point has a
positive effect on the degree of agreement between subjective and
objective assessments. Therefore, future work will be focused on
improving the accuracy of the PSNR estimation of the threshold of visible
differences, both for images with JPEG compression and for images with
other types of degradation.

To the best of our knowledge, this is the first attempt to use JND
information in quality assessment at the picture-wise level. Previous
models have used pixel-based or sub-band JND visibility thresholds. The
additional significance of the paper is reflected in the idea to indirectly
analyze the success of the JND model through two-class image
separation without conducting subjective tests, i.e. using already
available subject-rated image datasets. Finally, the results are presented
on JPEG compressed images originating from the visible and from the
infrared part of the electromagnetic spectrum, which is of interest for
remote sensing and surveillance applications.
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NMPUMEHEHUE HOPOI'_OBOVI MOOENU NMPOrHO3MPOBAHNA
3AMETHbIX PA3NTNYNW MNP OLEEHKE KAHECTBA CXKATbIX
N30BPAXEHNN B POPMATE JPEG

BobaH lN. boHmxynuy?, bobaH 3. NMaBnoBnY?, KOPPECNOHAOEHT,
Herad M. CtoaHoeuy?, Bradumup C. MeTposny®
aYHuBepcuteT 060poHbI B r. benrpag, BoeHHas akagemus, kacdenpa
TenekoMmyHuKaummn n uHdopmaTtuku, r. benrpaa, Pecnybnuka Cepbus
6 Hosu-Capfckuii yHuBepcuUTeT, (hakynbTeT TEXHUYECKMX HayK,
r. Hoen-Caa, Pecny6nuka Cepbus

PYBPUKA TPHTW: 49.00.00 CBA3b:
49.40.00 Cnctembl Nnepegaydv ABUXKYLLNXCA N3006paeHun;
49.40.37 TexHuKa kogupoBaHWs 1 Nepeaavm n3obpaxeHns
BWO CTATbW: opurmHanbHas Hay4yHas cTaTtbs

Pesrome:

BeedeHue/uenb: B daHHOU cmambe rnpedcmasneHo UHmMepecHoe
uccnedosaHue, Ces3aHHOe C aHaju3oM ropoz2oeol  modenu
rpo2Ho3uposaHuUs 3amemHbix pasnuyuli (JND) Ha usobpaxxeHusix u ee
npumeHeHuem Oris OUEHKU Kadecmea u30bpaxeHuli Co cxamuem
JPEG.

MemoOdbl: AHanu3 rnpouszgodumernsHocmu modenu JND 6bir nposedeH
KOCBEHHbIM €riocobom ¢ ucrnonb3oeaHueM obwedocmyrHbix 6a3
uzobpaxeHull ¢ pedynbmamamu CyObeKmuUBHbIX mecmos, npu
pasdeneHuu u3obpaxeHul no 08yM KamezaopusiM (8blle U HUXe
rnopoza 3amemHbix pasnuyud). lNpu aHanu3e rnpouseodumernbHOCMU
modesnu npoeHo3upogaHussi JND u oueHke kadyecmea u306paeHus
ucrnonb3osanuce name b6a3 u3obpaxeHul, 4Yembipe U3 KOMOPbIX
omHocsimces K eudumomy Ouarna3oHy OnuH eosnH, a odHa ba3sa
usobpaxxeHudl, npedHa3zHavyeHHas 0551 ducmaHyuUoHHO20 HabrdeHus,
bbina u3 uHgpakpacHoOU Yacmu 371eKMPOMagHUMHOZ0 criekmpa.

Pesynbmamel: B daHHOU cmambe roka3aHo, 4mo rpumMeHeHuUe
modenet JND moxem ucronb3oeambcsi O OUEHKU CyOBbeKmueHbIX
rnokaszamenetl kadecmea ¢ bonbweli mo4YHOCmbio, Ymo rnpueodum K
3Ha4YuUmesbHOMY  YIyHWEeHUK  Xapakmepucmuk  mpaduyUuoHHO20
COOMHOWEeHUs1 nukogoao cueHana Kk wymy (PSNR). CpedHee
3HadyeHue KoahguyueHma nuHelHol koppensayuu (no namu 6asam)
mex0y CcyObeKmueHbIMU U OOBEKMUBHbIMU OUEeHKaMu Kadyecmea
PSNR yeenu4unocek ¢ 74% (mpaduyuoHHbili PSNR) do 90% (PSNR ¢
molenbro JND Ha yposHe usobpaxkeHusi). BbiuepbiwHbIl pe3ynbmam,
docmueaembili 3a cyem 6HeOpeHuss modenu JND Ha yposHe
u3obpaxkeHusi 8 06bLEKMUBHOU OUEeHKe, 3agucum om 8blbpaHHOU ba3sbl
u pesynbmamosg ucxodHol npocmol mepbi PSNR, 6bii1 nony4yeH no

eceM nsmu 6asam.
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Bbigodbr:  [ornonHumenbHoe  ynydweHue o6beKkmueHoU  Mephbl,
ocHosaHHoU Ha JND, moxxem 6bimb G0CmuaHymo 3a c4em yiyHuleHusi
HaensioOHol modenu npoaHo3uposaHusi JND.

Knwyesble crioga: nopoza 3amemHbix pasnudul, cxamue JPEG,
MUKOBOE COOMHOWEHUE cueHan/uym, cybbekmueHasi U 0bbekmueHasi
oueHKa kayecmea U306paxKeHusi.

NPUMEHA MOJENA MPEAVKUNJIE NPATA YOUIBbUBUX PASITNKA
Y NMPOLEHN KBATIUTETA CJIKA CA JPEG KOMIMPECNJOM

Bbobar IN. BoHyynuh?, boban 3. Nasnosuh?, ayTop 3a Npenucky,

Herad M. CtojaHosuh?, Bradumup C. MeTposuh®

aYHuBepauTeT oabpaHe y beorpaay, BojHa akagemuja, Kategpa
TenekomyHukaumja n nHdopmaTuke, beorpag, Peny6nuvka Cpbuja

6 YuueepanteT y Hosom Cagy, ®akynteT TEXHUYKMX HayKa,
Hoeu Cap, Penybnuka Cpbuja

OBJIACT: TenekomyHukaumje
BPCTA YJTAHKA: opuruHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: Y pady cy npedcmaserbeHa UHmepecaHmHa ucmpaxuseara
Koja ce o0HOce Ha aHanusy nepghopmaHcu molesna rpedukyuje npaza
yourbugux pasnuka (JND) Ha HUBOY CriuKe U He208y NPUMEeHY Yy MPOUEeHU
Kkearnumema criuka ca JPEG Komripecujom.

Memode: AHanusza nepgopmaHcu JIND modena criposedeHa je Ha
UHOUpeKmaH HauyuH Kpo3 3aHuMs/bugy ulejy Oa ce Kopucme jagHO
docmynHe ba3e criuka ca pe3ysimamuma cybjekmusHux mecmosa, ca
rnodernom cruka Ha 0ge knace (UsHad u ucrod ripaza yo4rbugux pasruka).
Y aHanusu nepghopmarcu npedukyuje JND modena u rnpu npoueHu
Keanumema KopuwheHo je nem 6a3a cruka, 00 Kojux Yyemupu rnomudy U3
8ulrbuBoz oriceza manacHux OyxuHa, 0ok je jeOHa 6asa ca criukama u3
UHGbpaupeeHoe Oernia efeKmMpoMagHemHo2 criekmpa HameHeHUX
O0arbUHCKOM ocmamparby U Had3opy.

Pesynmamu: Y pady je nokasaHo Oa ce rpumeHom IJND modena ca
eehom npeuyusHowhy moay ecmumupamu CcybjeKmusHU CKoposuU
Keanumema, wmo 800u 3HayajHoM rnobosrbwary nepgopmaHcu
mpaduyuoHanHoz2 epwHoz o00Hoca cuesHa/wym (PSNR). Hobumak
ocmeapeH ysohewem JND modena Ha HUBOY CIrlUKe Yy ObBjeKmuUeHy
npouyeHy 3asucu 00 uzabpaHe base u pe3ysimama rosasHe jedHocmasHe
PSNR wmepe, a ocmeapeH je Ha ceux rem 6asa. Cpedra epedHocm
KoeghuyujeHma rnuHeapHe Kopenauuje (3a nem 6a3sa) u3amehy
cybjekmusHux u PSNR objekmusHUx ecmumauuja keanumema je ca 74%
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(mpaduyuoranHu PSNR) ropacna Ha 90% (PSNR ca JND modenom Ha
HUBOY CJIUKE).

Sakrbyyqak: [JodamHo yHanpeherwe JND 3acHoeaHe objekmusHe mepe
Moxe ce 0obumu yHarpeherem modena rnpedukyuje JND.

KmbyuHe pedu: npaz yodrbusux pasnuka, JPEG komnpecuja, 6plwHU
00HOC cuesHan/wym, cybjekmueHa u objekmusHa rnpoueHa Keanumema
CriuKe.
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Abstract:

Introduction/purpose: The paper provides a review of recent research in
the field of digital training applied in the Serbian Military Academy flight
training. Flight training represents the foundation of successful education
of military pilots. Its division is based on the environment and a phase of
realization. The main part and the core of successful flight training is basic
flight training. This training phase has experienced significant changes
with the introduction of the Technically Advanced aircraft (TAA) which is
characterized by a high degree of digitalization not only of the cockpit but
also of other aircraft systems. Consequently, a different methodological
approach to training is needed, including a digital training concept. The
paper shows the achievements and certain solutions based on some
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elements of digital training concepts used in the basic flight training at the
Serbian Military Academy.

Methods: The scientific approach is used in the evaluation of aircraft
cockpit digitalization and in the implementation of a new training concept
in the basic flight training in the Serbian Military Academy.

Results: Based on the methodological analysis used, the importance and
the values of the digital training concept in basic flight training are shown.
Conclusion: Although the digital training concept is not mandatory in the
existing flight training model in the Serbian Military Academy, it proves to
be a valuable asset. Its potential is significant and, to a certain extent, it
can change the nature of basic flight training. Due to digital training,
cadets can fly more safely and their flying skills are acquired faster. In
accordance with new modern aircraft acquisition in the Serbian Air Force,
every aspect of the digital training concept has to be carefully considered,
especially in the basic flight training phase, including conversion to new
aircraft types.

Key words: flight training, glass cockpit, digital training, training
devices.

Introduction

Flight training represents the foundation of successful education of
military pilots. Its division is based on the environment and a phase of
realization. Regarding the environment, it can be realized on the ground
or in the air. Military flight training consists of four phases: primary, basic,
advanced, and combat flight training. The main part and the core of
successful flight training is basic flight training. This phase is usually
completed on a piston-engine or turboprop trainer. Acquisitions of new
types of planes in this phase involve many changes and bring new
challenges. It is necessary to adapt the methodological manuals, the
study curriculum and the syllabus based on the Lasta airplane as well as
many other elements of the flight training system. In recent years, the
biggest challenge has been the introduction of a digital glass cockpit from
the very beginning of flight training. It demands a new approach, even
using a variety of commercially available tools and devices to make the
digital concept effective for a new era of basic flight training.

Basic flight training in the Military Academy

In the Military Academy, the study in military aviation is divided in
two main parts. The first one, lasting five semesters, is realized in the
Military Academy headquarters situated in Belgrade. The main goal of
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this phase is theoretical preparation for the upcoming flight training in an
airbase near Belgrade. This phase is also considered as a preparation
phase in terms of core activities (flying) during studying. The second
phase is flight training on airplanes and helicopters and it is crucial for the
cadets - pilots. Having in mind that the first (preparation) phase has a
very important role regarding the quality of flight training as a crown of
the education process, there is a permanent task to improve this process
and make it more effective and safer (Vlacic et al, 2014).

Flight training represents the foundation of successful education of
military pilots. The main constituents of flight training are the environment
and a phase of realization. Regarding the environment, it can be realized
on the ground or in the air. Military flight training consists of four phases:
primary, basic, advanced, and combat flight training.

Basic flight training is considered to be the most important phase of
flight training and the core of the successful process of making future
pilots. It is aimed at mastering the necessary aircraft handling skills. The
curriculum contains basic flying, aerobatic flying, navigation flying,
instrument flying, formation flying, and night flying. The flight training
duration is between 80 and 130 flight hours, and it depends on the
airplane or helicopter types. These can be piston engine or turboprop
airplanes, even simple jet trainers or helicopters.

The first step for each of these phases is the ground (theoretical)
preparation, which is an integral part of flight training. The division by the
phases has not been changed for almost half a century and it would not
be changed in the near future. The main teaching methods in the air
have not been changed, either. However, the main changes have
emerged because of the introduction of new training aircraft, regardless
of airplane or helicopter types (Vlaci¢ et al, 2015).

Recognizing the importance of the basic type of training, the Serbian
Air Force very carefully approached the design of a new type of piston
engined aircraft, named Lasta. This type of aircraft has been included in
the Military Academy’s flight training syllabus since 2017. The syllabus is
based on two aircraft types during the training in the Academy: the basic
flight training on the Lasta (Swallow) aircraft precedes the training on the
advanced jet trainer G-4 (Figure 1) followed by the basic combat training
and the introduction to fighter fundamentals (IFF).
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Basic Advanced | \ Basic combat/IFF

Figure 1 — Basic flight training on the Lasta precedes the training on the G-4
Puc. 1 — OcHosHasi nemHasi no0eomoseka Ha camorneme ,Jlacma“, npedwecmsytouwjas
y4yeHusM Ha ,I-4*,
Cnuka 1 — OcHogHa riemadyka 0byka Ha aguoHy,iacma ” npemxodu obyyu Ha -4

The Lasta training aircraft, as a new type in the Serbian Air Force
service, brings a lot of technical improvements compared to older training
aircraft. One of the biggest improvements is the implementation of a
digital glass cockpit (Figure 2).

Figure 2 — Digital cockpit of the Lasta aircraft
Puc. 2 — CmekrnisiHHasi kKabuHa camonema ,Jlacma*“
Cnuka 2 — [JueumarnHu kabuHCKU rpocmop asuoHa ,Jjacma’”
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Lasta’'s glass cockpit includes the most modern navigation and
communications equipment currently available on the market for this
category of aircraft. Although the flight characteristics of the Lasta aircraft
are adapted to beginners, the technical level of the aircraft equipment
mentioned above requires a great effort towards achieving the required
level of confidence and safe operating. It was necessary to make
adaptations of the methodological manuals, the study curriculum and the
syllabus concerning the Lasta airplane, as well as many other elements
of the flight training system.

Digital glass cockpit

A glass cockpit is an aircraft cockpit that features electronic (digital)
instrument displays, typically large LCD screens, rather than the
traditional style of analog dials and gauges. While a traditional cockpit is
based on numerous mechanical gauges to display information, a glass
cockpit uses several displays driven by flight management systems that
can be adjusted to display flight information as needed. This simplifies
aircraft operation and navigation and allows pilots to focus only on the
most pertinent information (Ison, 2016). A glass cockpit is the core of the
Technologically Advanced Aircraft (TAA) which is a modern term used to
describe light aircraft with advanced equipment on board, specifically
advanced avionics like GPS and glass panel displays.

Glass cockpit displays rely on computerized systems that integrate
multiple data inputs and controls. Glass cockpit displays can present
more information in the space required for conventional instrument
panels, but the increase in information places greater demands on pilot's
attention and creates a risk of overloading pilots with more information
than they can effectively monitor and process. The complexity of the
integrated computerized systems that drive glass cockpit displays may
also limit pilots’ understanding of the functionality of the underlying
systems (National Transportation Safety Board, 2010).

The analysis of both the cockpit layouts and their benefits and
disadvantages points out to a few facts (Vlacic et al, 2014):

- The information in a digital glass cockpit is more precise and, due
to computer screens, can be displayed much more ergonomically;

— Glass cockpits have a tremendous amount of information available
to pilots, which is not available from cockpits with analog gauges;

- Disadvantages of traditional analog instrumentation are the
multitudes of mechanical components so glass cockpits also provide an
element of maintenance simplicity;
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- Analog gauges can be more easily interpreted during rapid
changes in airspeed and altitude;

- Pilots with glass panels may also be spending more time looking
at the displays instead of looking outside;

- In case of turbulence and emergencies, pilots using glass cockpits
may touch and activate wrong buttons because there are so many of
them in a small area;

- Flying a glass cockpit aircraft requires a different cognitive style of
thinking.

It can be concluded that if we want to attain a desired level for safe
flying with a glass cockpit, ground training with the use of synthetic
devices is also necessary. The process of re-training pilots trained in
traditional analog cockpits will not be so easy and fast and it takes time
which has to be determined in the next phase of acquiring the Lasta fleet.
Because of the cockpit complexity and our study program curriculum
timeline, it will be impossible to use the Lasta in the process of selecting
future pilots in the primary flight training phase.

In today’s fully integrated cockpit, learning how to use these new
tools effectively, while still maintaining the control of the aircraft, is
something that will keep the training squadron busy for years to come.
For pilots who are going to be converted to a glass cockpit and want to
gain numerous advantages of modern avionics, there are a number of
training options. Many suppliers provide Internet-downloaded trainers
free of charge, and there are free online interactive courses. Commercial
DVDs and training simulators are extremely useful, too. However,
realistic flight training using the specific system in busy airspace during
less-than-ideal weather with an experienced flight instructor is a must.
(Decker, 2013)

Also, manufacturers of the before mentioned equipment provide only
a small part of educational software (for each device separately), but
such educational software is not tailored to the specific layout of Lasta’s
cockpit (Vlaci¢, 2011).

Digital training

It is important to understand the difference between learning and
training. They are inextricably linked, but they are unique aspects of any
educational process. Training is the giving of information and knowledge,
through speech, the written word or other methods of demonstration in a
manner that instructs the trainee. Learning is the process of absorbing
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that information in order to increase skills and abilities and make use of it
under a variety of contexts.

The quality of learning will rely largely on the quality of training.

Training focuses more on the development of new skills or skill sets
that will be used. Training is the process each new trainee (cadet) goes
through when joining a flight squadron to learn how to carry out day-to-
day operations, know how their airplane works and how job-specific tools
operate in order to carry out their responsibilities. In essence, through
training, the goal is not to reshape the behavior of an individual rather the
point is to teach the cadet how things are done so that they can then
carry out a process on their own.

Digitalization is today an inevitable part of any learning or training
proccess, especially in modern aviation. There are many definitions of
what digital learning is, but a clear definition of digital training is lacking.

Digital learning is "learning facilitated by technology that gives
students some element of control over time, place, path and/or pace"
(GOSA, 2021). Also, digital learning is any type of learning that is
accompanied by technology or by instructional practice that makes
effective use of technology. Digital technologies are electronic tools,
systems, devices and resources that generate, store or process data
(Victoria State Government, 2021). Digital learning is sometimes
confused with online learning or e-learning; digital learning encompasses
the aforementioned concepts. Digital learning requires a combination of
technology, digital content, and instruction.

Technology is the mechanism that delivers content. It facilitates how
students receive content. It includes Internet access and hardware, which
can be any Internet access device — from a desktop to a laptop to an
iPad to a smartphone. Technology is the tool, not the instruction.

Digital content is the high-quality academic material delivered
through technology. It is what students learn. It ranges from new
engaging, interactive and adaptive software to classic literature, from
video lectures to games. It is not simply a PDF file of a text or a
PowerPoint presentation.

However, there is no distinctive definition of digital training. Some
sources indicate that it is an evolution of e-learning that uses the Internet
to make online training courses. Computers, tablets, mobiles or even
connected objects, are all means to easily access this type of training.
Nevertheless, digital training has much broader contest.

For the purpose of this paper, we consider digital training to be
training which includes a variety of digital devices in order to improve the
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quality of flight training, having in mind the previously mentioned
differences between learning and training.

Implementation of the digital training concept

Aircraft manufacturers usually deliver training aircraft to the end user
with a wide spectrum of additional training devices (Vlaci¢ et al, 2015),
but the developer of the Lasta has not provided training devices and
simulators yet. The Military Academy staff had to develop or procure the
whole spectrum of training devices in order to make the training process
more effective. These devices are part of the set that makes up the
concept of digital training on the Lasta airplane. In the meantime, cockpit
digitalization has become reality in a few new acquisitions, including the
Airbus H-145M utility helicopter or the Mi-35M combat helicopter. In this
way, acquisition and equipment with adequate devices for pilot training
become a necessity and one of the priorities in aviation modernization
(VIagi¢ et al, 2015).

The main changes in the flight training process occured due to new
airplanes equipped with modern hardware and software in different
domains. This is most obvious in the aircraft cockpit layout. The main
goal of their incorporation was a higher level of flight safety, better
efficiency of training and, most importantly, higher combat efficiency of
the airplane as a platform. Higher demands placed in front of trainees
were somewhat compensated with a wide use of flight trainers/simulators
and other digital training devices. Their use in modern training is
inevitable. For many years, training devices were developed and
produced exclusively by original manufacturers. This led to high prices,
caused by industrial monopoly and the application of rigid industrial and
military standards. Remarkable development of hardware and software
has made these items more affordable than ever if price and
performances are considered. This fact opened the door for less
specialized personnel to create and develop some training devices. The
great change was also made by wide recognition and involvement of
Commercial off-the-shelf (COTS) components in the process of creating
systems for military use. These facts enabled less experienced staff to
create their own digital devices and their own approach to the creation of
the digital training concept.

The focus of the use of digital devices has been placed on basic
training. The nature of basic flight training requires not only acquiring
basic knowledge and skills but a student in training also has to "to learn
how to learn". "Inserting" a student-pilot in a real cockpit without
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introduction and adaptation to digital devices reduces the effectiveness of
training in many ways.

In creating the concept, the ways of training by which the greatest
success is achieved are taken into account. Regardless of different
scientific views (Kare & Sigbjgrn, 2018), it is undeniable that a high level
of adaptation of knowledge and skills is achieved through one's own
practice and repetition of actions and procedures, instead of simply
listening and watching.

Digital training has to be divided in several levels in accordance with
training objectives i.e. what specific and useful knowledge, skills, and
techniques have to be developed in certain phases of training.

The digital concept in basic flight training contains several levels
including:

Interactive learning materials;

Flight Simulator based on commercial software;

Virtual reality (VR) devices;

Learning Management System (LMS);and

Other training hardware and software.

Interactive learning materials

Today there is a broad range of interactive learning materials which
provide cadets - pilots with the aviation knowledge they require to
prepare for theoretical examinations and to become safe and competent
pilots. After evaluation, the Military Academy opted for the CAE Oxford
Aviation Academy interactive materials in compliance with the EASA!
standards. These materials have the form of full color textbooks and
multimedia computer-based training (CBT), both comprehensively
covering the theory but delivering it in a different way.

Within CBT, each lesson is accompanied by clear precise narration
which leads students through each essential teaching point. The lessons
are built with an effective combination of graphics, animations, audio
voice-overs, textual key-points and revision questions, providing a unique
and effective way of mastering difficult concepts in an engaging way.

During the six years of CBT application, cadets demonstrated better
results?2 in subjects in which CBT were used. The comprehensible
manner gave cadets a lot of good examples and advice on how to deal
with problems in future flight training.

1 EASA — European Aviation Safety Agency
2 according to the Military Academy evaluation process
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Also, embedding new cockpit instruments imposed new training
approaches. Because of the Garmin origin, the Military Academy
introduced the dedicated Garmin software and hardware simulator for its
complex devices such as Garmin G500/600. The basic variants of this
simulator can be viewed and downloaded at the Garmin support pages
(Garmin, 2021). This simulator allows cadets to perform basic functions
within the Garmin system. It is possible to learn how to input data and
frequencies using tips and tricks for “best practices”. Cadets learn to
navigate using flight plans and GPS direct courses. They are able to
navigate pages and page groups of the Flight Management System,
while recognizing the most important functions using tips and tricks. The
first generation of cadet pilots who started their flight training after
practicing on this simulator shows better performance in the basic stages
of the flight syllabus.

LMS in the flight training preparation phase

The Military Academy staff has decided to implement MOODLE e-
learning platform in the Military Aviation study program
(http://adl.elearning.mod.gov.rs/). MOODLE (Modular Object-Oriented
Dynamic Learning Environment) is a free source e-learning system shell
(LMS), written in PHP. It is an important tool for e-learning and blended
learning which provides a framework for preparing courses and for
learning over it. Various content is provided over this system shell (texts,
pictures, optional files, links, multimedia etc.), but the tasks related to
them that can be scored are also important (assigning tasks in the form
of online texts, file, varied types of tests, offline tasks, etc.). This system
unifies and presents, in a single surface, all the services that are
otherwise applied by teachers on parallel surfaces, often offline (sharing
documents and information, sending messages, evaluation, etc.)
(Namestovski & Arsovic, 2013).

Microsoft Flight Simulators

Microsoft Flight Simulator X, also known as FSX, is a 2006 flight
simulation computer game originally developed and published by
Microsoft for Microsoft Windows. It is the next in the sequence after
Microsoft Flight Simulator 2004. This software can be classified as virtual
modeling on a computer workstation. One of the enduring problems with
any flight simulator is a restricted field of view (FOV) imposed by the
computer display screen. This restriction severely limits peripheral vision,
which in turn detracts from perceived realism.
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The external graphic card Matrox TripleHead2Go expanded Flight
Simulator X across three displays (Figure 3), providing a panoramic view
that enables users to see more of their virtual cockpit and improves flight
visibility at the same time. This extended view provides a more realistic
flight experience by fully engaging peripheral vision on the side displays.

As a further level, Microsoft Flight Simulator 2020 was introduced in
order to support FSX. Microsoft Flight Simulator 2020 was released in
2020, for Microsoft Windows, with a virtual reality (VR) version. Flight
Simulator simulates the topography of the entire Earth using data from
Bing Maps. Artificial intelligence (Al) generates three-dimensional
representations of Earth's features, using its cloud computing to render
and enhance visuals, and real-world data to generate real-time weather
and its effects. Flight Simulator has a physics engine to provide realistic
flight control surfaces, with over 1,000 simulated surfaces, as well as
realistic wind modelled over hills and mountains. Some places are
handcrafted, introduced in region-specific updates. To augment its
realism, Al also incorporates real-time elements like natural weather and
real-world air traffic. The gameplay includes new features such as
landing challenges and helpers.
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Figure 3 — Expanding FSX across three displays
Puc. 3 — PacwupeHue usobpaxeHusi npozpaMmbl aguacumynssimopa Ha mpex Oucrnnesx
Cnuka 3 — lNpowuper-e npuka3a rnpozpama cumMynamopa fiemera Ha mpu rnpuxkasusaya
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The developer scanned the interiors and exteriors of aircraft with a
3D scanner to create their realistic looks, polished with modeling and
printing (Aysha, 2020). There are also realistic physics and weather
systems, and utilization of real-world weather data. For instance, if it is
raining somewhere in real life, it can rain in-game. Individual clouds have
their own behaviors and will impact aircraft performance depending on its
location within the system. Flight Simulator is the first flight simulator to
enable worldwide visual flight rules (VFR), a feature not seen in
contemporary flight simulators used by airlines to train and test pilots.

Through cloud-based technology, Flight Simulator sends data to the
computer in real time, with Al being utilized to extrapolate geometry from
a blend of satellite and flyover imagery (Jensen, 2020). Other sources of
data include terrain data for landscaping, data for foliage density, real-
time meteorological data, and air traffic updates. Cloud technology is
used to calculate, among other things, the way air flows around natural
structures such as mountains to cause pockets of turbulence, or streams
in the world's real-time air traffic, and time of day and weather.

Microsoft simulators are mainly used to demonstrate cockpit views
and basic systems characteristics in the aircraft used in real flight
training. To simulate domestic airplanes (UTVA-75, Lasta, Supergaleb G-
4) which are not involved in the FSX package, the specific add-ons have
been created as a long-term process. Developing one’s own add-ons
was the first step in creating a basic flight simulator. However, it is
important to stress that during the flight-training phase in military jets (G-
4 Supergaleb in our case) a full-scale flight simulator is used. The use of
a full flight simulator is expensive and impracticable in the basic training
phase, which is our point of consideration.

When speaking about the assessment and worthiness of the kind of
software such as Microsoft simulators, we have to mention what kinds of
simulators and simulations exist on the market. Simulations can consist
of virtual modeling on a computer workstation, part task devices with
actual system hardware and software, or full-mission man-in-the-loop
simulators with visual systems and motion. All have their place in the
process, and all play a role in shortening development time and cost
(V1aci¢, 2011).

Both versions of Microsoft Flight Simulators have been procured for
the training process in the Military Academy. The main advantages are
not only visual simulation but the possibility to connect many modern
peripherals such as virtual reality and eye tracking devices.

o



VR devices

Virtual reality (VR) has been developed to facilitate human
immersion into new computer-generated synthetic environments that
block out the real world. Recent advancements in VR technologies
enable users to interact with high resolution three-dimensional graphics
without any significant video delay. This technological advancement for
VR systems has reinforced its professional training applications,
including those for aircraft pilots. Conventional flight simulator systems
can generate realistic situational conditions, installing out-the-window
scenery screens in front of their mockup cockpits with motion platforms,
but the setting at such a level, which is costly and requires a 360° angle
of-scenery screen, is still hard to implement. VR has the advantage of
implementing the 360° angle-of horizontal - and vertical-scenery view for
a lower cost.

Pilots are exposed to a lot of safety-critical situations, and they have
to practice recovery skills against all potentially dangerous situations. VR
can show a better performance for this kind of dangerous situation
training than conventional simulators due to its higher realism. Pilots also
have to develop skills to manipulate modern electronic cockpit systems,
including setting the objective heading direction on the electronic
compass, magnifying/demagnifying the electronic map display, and
switching communication radio frequencies with other channels. The
high-cost conventional mockup simulators install the actual electronic
cockpit hardware, for which all functionalities can be manipulated by
manual controls (Chang-Geun, 2020).

The main benefit of virtual reality in flight training is the immersive
representation of the flight experience, providing some important learning
advantages over traditional flight simulators. The key benefits for flight
schools include reduced training costs, cost savings on aircraft
familiarization training, and faster training of students.

Virtual Reality (VR) is the concept of being immersed into a
computer-generated environment with a visual, audible and optionally
haptical representation of the environment. This environment, e.g. a
room, landscape or a cockpit, may be presented to the user through a
screen or a head mounted display (headset). The user may be able to
interact with the environment, e.g. through gestures or physical buttons
or levers.

VR offers new opportunities for significant improvement of teaching
and learning as subjects can be taught/learnt in a very different way
instead of reading a textbook or listening to a lecturer.
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One of the most important aspects of learning is knowledge
retention — the ability to remember what has been learnt. This is
especially true for flight crews who must memorize dozens of checklists,
rules, and procedures. Studies have shown that VR-assisted learning
has the potential of improving knowledge retention by up to 400%,
adding value to the time spent studying. Better knowledge retention
means less retraining and, in the end, better pilots who remember the
emergency checklist better thanks to VR-assisted learning.

VR engages the student much more in the learning process, thus
making the student remember more of what he or she learns. This is an
obvious advantage when performing tasks as a flight crew where
complex procedures must be memorized.

Studies have shown a dramatic reduction in training time when using
VR simulations — for flight training application as much as one year down
to four months. Some benefits that provide training time reduction are
depth perception, 360° vision, scalability, and modularity (VRpilot, 2021).

The Military Academy uses the Oculus Rift VR device which is one
of typical representatives in this device category (Figure 4).

Figure 4 — Oculus Rift VR in basic flight training
Puc. 4 — Oculus Rift VR 8 ocHogHOU niemHol nodzomoske
Cnuka 4 — Oculus Rift VR y ocHogHOj nemaykoj obyuu
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The Oculus Rift VR headset uses gaze tracking and IR LED sensors
to identify the user's position and, at the same time, to interact with the
virtual environment. Users can move freely within their physical
environment - sit, stand, walk, turn, duck, and dodge as they desire.
Similarly, it is possible to simulate the aerial environment as well as the
image of the aircraft cockpit. A VR headset enables a stereo image of the
pilots' workspace and gaze sweeping inside and outside the cockpit. The
headset has an OLED display with 2060 X 1200 resolution and a 90Hz
refresh rate. The field of view (FOV) is 110 ° and the tracking area is 12.7
by 27.94 cm'. The sensors include accelerometers, gyroscopes, and
magnetometers. The system enables full 360-degree positional tracking.

Other training hardware and software

The commercial flight simulator created in the Military Academy
provides connection for many other devices that can be used in cadets'
training and evaluation. The most important is the GP3 Desktop Eye
Tracker device.

In nearly all human-computer interactions, the most basic point of
connection between an interface and its user is the eye. Eye tracking has
been an important source of information about perception and cognition
for more than 50 years. It has been utilized to study a diverse number of
topics such as the patterns of fixations and saccades while reading a
text, the workload of pilots during different phases of flight, the
application of different scan patterns in flight training, the role of pilots'
monitoring strategies in flight performance and the effectiveness of visual
advertisements among many others. In the Military Academy case, pilot’s
eye movement patterns are recorded by using the GP3 Desktop Eye
Tracker. The GP3 Desktop Eye Tracker is a complete eye tracking
system used as a device for measuring eye positions and eye
movement.

The role of the GP3 Desktop Eye Tracker is to make assessment
during flight simulation. The assessment is done regarding the senses
and skills necessary for flying as well as piloting skills in the air. The
Piloting techniques are assessed in the air according to standard
practices for monitoring, assessment, and evaluation.

Assessment helps cadets to improve their ability to successfully
cope with the flight syllabus and develop the required pilot aptitudes.

The biggest contribution of this kind of equipment is in improving the
pilot selection process using eye tracking tools (Vlaci¢ et al, 2019).

The Sky Demon is one of numerous electronic flight bag software
programs available on the market. It enables flight planning as well as
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GPS navigation in the air. Its special features include real-time updates
of aeronautical information. For navigation training purposes only, the
internal simulation software, called the X-plane, enables the simulation of
the flight along the planned route. Furthermore, it is possible to connect
the Sky Demon in the simulation mode with Microsoft Flight Simulator via
the FSX2SkyDemon application available on the Google Play Store. This
small application receives the data from the FSX software and presents
the information about the aircraft performance and position in the form of
a track plot on top of the Google Earth maps. At the same time, it
forwards the data to the Sky Demon software and makes it look like the
user is flying a real airplane. Real-time aeronautical information from the
Sky Demon, especially the information about the wind has a feedback
impact on the aircraft performance in FSX.

For navigation training, the Sky Demon software installed on a tablet
is connected with Microsoft Flight Simulators (Figure 5).

Figure 5 — Connection of the Sky Demon tablet with Microsoft Flight Simulators
Puc. 5 — NodcoeduHeHue nnaHwema c npoepammol Sky Demon k aguacumynssmopy
Microsoft Flight Simulators
Cnuka 5 — lNosesusare mabriema koju nocedyje npoepam Sky Demon ca npozpamom
Microsoft Flight Simulator
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Diversity and fine balance of devices used in the showed digital
concept provided a step forward into better basic flight training.
According to internal documents, there were no failures in basic flight
training after the implementation of the digital training concept.

Conclusion

Basic flight training is considered as the most important phase of
flight training and a core of a successful process of making future military
pilots. This training phase has experienced significant changes with the
introduction of the Lasta piston engine trainer which belongs to the
Technically Advanced Aircraft category. This aircraft is characterized by
a high degree of cockpit digitalization and aircraft systems as a whole.
The technical level of the Lasta aircraft equipment requires a great effort
towards achieving a required level of confidence and safe operation. In
order to attain a desired level of safe flying with a glass cockpit, ground
training with the use of digital synthetic devices is also necessary.

The developer of the Lasta has not provided training devices and
simulators yet. The Military Academy staff developed and procured a
whole spectrum of training devices in order to make the training process
more effective. Digital training as a type of training includes a variety of
digital devices in order to improve the quality of flight training. In the case
of basic flight training in the Military Academy, the digital concept of
training consists of:

Interactive learning materials;

Flight Simulator based on commercial software;

VR devices;

LMS; and

Other training hardware and software.

The first generation of cadets - pilots who started their flight training
after practicing on this simulator shows a better performance in the basic
stages of the flight syllabus. The COTS based simulator was the core for
other peripherals.

VR offered new opportunities to significantly enhance the flight
training process. Cadets learn faster and more efficiently while
remembering the lessons taught better.

The GP3 Desktop Eye Tracker has proved to be an assessment tool
during the simulated flight training. Assessment is done regarding the
senses and skills necessary for flying and piloting skills in the air. The
biggest contribution of this kind of equipment is in the improvement of the
pilot selection process using eye tracking tools.
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Despite the fact that the digital training concept is hot mandatory in
the existing flight training model in the Serbian Military Academy, it
proves valuable. Its potential is considerable, and, to a certain extent, it
can change the nature of basic flight training. Due to the digital training
concept, cadets can fly more safely and their flying skills are acquired
faster.
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BHEOPEHWE KOHUEMUWW SNIEKTPOHHOIO OBYYEHVA B
NPOrPAMMY OCHOBHOW NETHOU NOAroToOBKM B BOEHHOW
AKAOEMUN PECIMYBINKU CEPBUNA

Cnasuwa V. Bnauny?, koppecnoHaeHT, AnekcaHoap 3. KHexxeBuny?,
Briadumup M. Mp6osny®, MMaroc A. Butcac®, Muxatino (Madik) C. Muxannosmy"

3 YHuBepcuteT 06opoHbl B . Benrpaa, BoeHHas akagemus,
Kadenpa BoeHHow aBuauwmu, r. benrpag, Pecnybnvka Cepbus

6 BoopyxéHHble Cunbl Pecnybnukm Cepbusi, BoeHHO-BO3yLLIHbIE CUTbI U
MpoTnBoBo3ayLHas obopoHa (BBC u MBO),
r. benrpag, Pecnybnuvka Cepbus

& MexayHapoaHas LKora neTynkoB-ucneITatenen,
r. JlonaoH (OHTapwo), KaHapa

" MpaeuTtenbcTBo OHTapuo, r. TopoHTo, KaHaaa;
MRTD Defense Eng, r. TopoHTO, KaHaga
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£

PYBPUKA TPHTW: 78.00.00 BOEHHOE AEJIO:
78.25.13 BoeHHasa aBMaLMOHHasa TEXHUKA N BOOPYXKEHME,
78.21.49 BoeHHast anekTpoHuKka 1 knbepHeTnka

BWO CTATbW: opurmHanbHasa Hay4yHas ctaTtbs

Pe3some:

Beedenue/uenb: B cmambe npedcmaeneH 0630p  MocrieOHUX
uccrniedosaHuli 8 obsacmu KOHUenuuu 371eKMPOHHO20 0byHeHus,
npumeHsiemol 8 riemHol nodzomoeke 8 BoeHHoU akademuu Pecriybriuku
Cepbus. JlemHas nod2omoeka Se155emcs 3a51020M yCriewHo20 oby4YeHus
B80eHHbIX nemyukos. OHa nolpasdernsiemcss Ha 3marl OCB0EHUS
OKPYXXeHUs1 U aman peanusayuu. nagHol Yacmeto U S0pPOM ycrewHou
JsiemHoUl nod2omoeku S18rsiemcsi OCHo8Has1 fiemHasi nod2omoska. 3dmom
aman obydYeHus1 romepres 3Ha4YumesibHble U3MEHeHUs!, ecredcmeue
B8HEOPEHUST MEXHUYECKU ycosepuieHcmeosaHHblx camoriemos (TAA),
0511 KOmMopbIX XxapaKmepHa 6bicoKasi cmereHb yughposu3auuu He
MOoJIbKO CMeK/IsiHHOU KabuHbl, HO U cucmeMbi camoniema 8 uesrom. B
OaHHOU ces3u, HeobxoOum uHOU memoodosioeudeckull nooxod K
0by4eHuUro, eKYaoWull  KOHUENUUI 3eKmpoHHo20 0by4eHus. B
cmambe rpedcmaesrieH psd 00CMUXeHUU U peweHuUl, UCMob3yeMbiX 8
OCcHosHoU nemHol nodeomoeke 8 BoeHHoOU akademuu Pecrnybnuku
Cepbusi, ¢ npumMeHeHUEM 3MIEMEHMO8 KOHUENUUU 3M1EeKMPOHHO20
obyyeHus.

Memodebi: Ucrionb3ysi Hay4qHbili 1100xo0, Obin1 nposedeH aHanu3
uyughposusayuu cmeknssHHoU kabuHbl camoriema U pe3yibmarnos
8HeOpeHUsT HOBOU KOHUernuyuu Oby4YeHUS 8 OCHOBHYIO JIeMHYIO
rnodzomosky 8 BoeHHol akademuu Pecnybnuku Cepbus.

Pesynbmamebl: Ha ocHogaHuu npogedeHHO20 Memodorioaudecko20
aHarnu3a 8blsi8/ieHbl 3Ha4eHue U UEHHOCMb KOHUENUUU 31EKMPOHHO20
0byyeHusi 8 pamkax OCHO8HOU rlemHouU nod2omoeKu.

Bb1800bi: Boripeku momy, 4mo KOHUENUusi 371eKMPOHHOU nod20moeKuU He
sensiemcsi obsizamernibHOU Yacmbio cyujecmeyroweli Modesnu f1emHol
nodeomoeku 8 BoeHHoli akademuu Pecrnybriuku Cepbusi, oHa sienissiemcsi
gecbMa 3HayumernbHoOU U UeHHoU. Ee nomeHyuan HacmorbKo
3HayumerieH, 4mMo 8 orpedenneHHoU CmerneHu, MOXem U3MeHUMb
Xapakmep OCHO8HOU siemHol nodaomosku. KoHuenuusi arekmpoHHO20
obyuyeHusi criocobcmeyem 6e3onacHocmu  KypcaHmos 6 6ydyujux
rnoriemax, a makxe YCKOPEHUKO rpoyecca npuobpemeHusi nemHbix
HaebIkos. B ces3u ¢ npuobpemeHuUeM HOBbIX COBPEMEHHbIX CaMOoremos
BBC u [IBO Pecnybnuku Cepbusi, kaxObill acriekm KOoHUernuuu
371IEKMPOHHOU M0020moeKu O0/mKeH 6bimb MuamesibHO PaccMOMpPEH,
0CcObeHHO Ha amarie OCHOBHOU riemHol MoO20MOBKU, 6KIYas amari
rnepexoda K HoO8bIM muriam caMosiemos.

Knoueeble croea: nemHass MoO020moeKa, CmekrnsHHas KabuHa,
3nekmpoHHoe obyyeHue, y4ebHble cpedcmea.
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NPNUMEHA KOHLIEMTA ANTUTANHE OBYKE Y OCHOBHOJ
NETAYKOJ OBYLIN HA BOJHOJ AKAOEMNJIN

Cnasuwa V. Bnaunh?, aytop 3a npenucky, AnekcaHOap 3. Knexesuh?,
Briadumup M. p6oeunhS, MMaroc A. Butcac®, Muxajno (Majk) C. Muxajnosuh’
2YHusepautet oabpaHe y beorpagy, BojHa akagemuja,
Kateppa BojHor Basayxonnoectea, beorpaa, Penybnuka Cpbuja
6 Bojcka Cp6uje, PaTHO Ba3ayxonnoBCTBO M NPOTMBBAa3ayXonnoBHa oabpaHxa,
Beorpag, Penybnuka Cpbuja

® MehyHapogHa wkona 3a onuTtHe nunoTe, JloHgoH (OHTapuo), KaHaga

" Bnaga OHtapuja, TopoHTo (OHTapwuo), KaHaaa;
MRTD Defense Eng, TopoHTo (OHTapuo), KaHapa

OBJIACT: Ba3gyxomnnoBCcTBO, MHOPMaLIMOHE TEXHONOInje
BPCTA UJTIAHKA: opuruHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Y pady cy npedcmasrbeHa HedasHa ucmpaxuearba Yy
obnacmu KoHuenma AuaumarnHe obyke NMpuMeHeHo2 y fiema4koj obyyu
Ha BojHoj akademuju Penybnuke Cpbuje, Koja YUHU OCHO8Y yCHEWHO2
obpasosarba 80jHUX runoma. HbeHa rnodena 3acHogaHa je Ha OKpyXerby
u ¢hasu peanusayuje. asHuU 0eo u OCHO8Y ycriewHe nemayke obyke
npedcmaerba OCHOBHa riemadka obyka. Oea ¢hasza obyke doxueena je
3HayvajHe nMpomeHe ysofjerbeM mexHUYKU HarpedHux asuoHa (TAA) koju
ce 0071UKYjy 8UCOKUM cmerieHoM Ouaumarnu3ayuje kabuHckoz rpocmopa
u cucmemMa aguoHa y uenuHu. CxodHo mome, nompebaH je Opyeaduju
memodosiowKku npucmyn obyuu, ykrbydyjyhu KoHuenm duaumarnHe
obyke. NpukasaHa cy docmueHyha u rnojeduHa pewera Koja ce kopucme
y OCHogHOj nemadkoj obyyu Ha BojHoj akademuju, y3 npumeHy
enleMeHama OueumarHux KoHuernama obyke.

Memode: Kopucmehu Hay4dHu npucmyn u3sspweH je ysud y
Oueumarnu3auyujy nUIomcKux KabuHCcKuX npocmopa u uMmrnemMeHmauuje
HOB02 KOHUerma Yy OCHO8HY riemaydky obyKy Ha BojHoj akademuju
Penyb6nuke Cpbuje.

Pesynmamu: Ha ocHosy rpumerseHe Memode aHasnuse rpukasaHu cy
3Hauaj u epedHocmu KoHuernma duaumariHe obyke y OCHOBHOj rlemaykoj
obyyu.

Sakrbyuak: Wako koHuenm OQueumarnHe o0byke Huje obaeesaH y
rnocmojehem modenty nemadvke obyke Ha BojHoj akademuju Cpbuje,
rokasarso ce Oa je eeoma 3HadqajaH. Hbeeoe nomeryujan je eenuku u, 0o
o0peheHoz HugoOa, MOXe [POMeHUMU KapaKmep OCHOBHe Jiemayke
obyke. 3axsarbyjyhu KoHuUenmy OQuaumarnHe o0byke, kademu KacHuje
moey 6e3bedHuje ynpasrbamu fiemenuyama u bpxe cmuyamu riemaydke
gewmuHe. Y cknady ca HabagkoM HOBUX caspeMeHUX aguoHa y PamHom
gasdyxorioecmey U npomuesasdyxornnosHoj o0bpaHu Bojcke Cpbuje,
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ceaKu acrnekm KoHuenma OueumasnHe OOyKe Mopa Cce Naxibueo
pasmompumu, MocebHo y ¢hasu ocHogHe jlemadke obyke, YKibydyjyhu u
¢hase npesnacka Ha Ho8e MUroee aguUoHa.

KrbyyHe peyu: nemadka ob6yka, cmakieHu KabUHCKU n[pocmop,
OuaumarHa obyka, cpedcmea 3a 0byKy.
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Abstract:

Introduction/purpose: The paper presents a model of logistics support
planning in the conditions of limited logistic resources based on the
prioritization of customer requirements and resource allocation. Decision-
makers play a crucial role in the efficient and equitable allocation of
resources as they prioritize among different user requirements.

Methods: Requirement prioritization techniques that use nominal scale,
ordinal scale, and ratio scale, and five methods for converting ranks into
weighting coefficients have been applied to determine the degree of
significance of user requirements. The Requirements triage method has
been used for establishing relative priorities, while the heuristic algorithm
determining the Kemeny median was used to consolidate individually
ranked requests into a group rank. In order to balance opposing demands
of users, consensus measures of group decision making were used. For
obtaining an optimal planned solution of logistic support, the methods and
techniques of resource allocation were applied.

Results: A model for adaptive planning of logistics support in the
conditions of limited resource capacities of the logistics system has been
developed.

Conclusion: The proposed model can be effectively applied in other areas
of resource allocation.

Keywords: logistics planning, requirement prioritization, triage,
converting ranks into weights, resource allocation.

Introduction

Logistics support planning is a highly complex problem in a military
organization. Research shows that even the most powerful armies in the
world face numerous issues in planning the logistic support of military
operations (McConnell & King, 2019). The most common problems faced
by military logisticians are difficulties in forecasting, lengthy work,
mismatch of requirements, and poor visibility of logistic resources.

It is generally known that many logistics aspects (user requirements,
resource capacities, operational environment, time, etc.) are stochastic,
dynamic, and nonlinear, which causes high sensitivity of the logistic
system (Milenkov et al, 2020).

For military units to maintain the combat strength needed to conduct
operations in the new environment, whether combat or
humanitarian, research shows that armies will need to fundamentally
improve their logistics models used in the previous period and conduct
extensive logistics planning (Hurley & Coleman, 2018).

110




During the logistics support planning process, logistics bodies have
an essential role, first to understand and then to balance opposing
requirements of users, and with their knowledge, competence, and ability
to create an optimal Logistics Support Plan which will, in the observed
planning period, ensure the best overall military organization
performance with a limited resource capacity of the logistic system (Jia et
al, 2020).

All these limitations motivated the authors to explore the possibility
of applying the allocation of limited resources to the existing logistics
system and develop an awareness of the need to modernize the way of
thinking, decision making, and reducing the stress of logistics organs due
to increased outflow of staff.

Whenever deadlines are short, resources are limited and user
requirements exceed the resource capacities of the logistic system, it
implies that some requirements would not be completely met. In that
case, it is necessary to decide which requirements will be fully
completed, which partially, and which will not be completed, i.e. it is
essential to prioritize the requirements and allocate resources with which
the conflicting user requirements will be met to a certain
extent. Accordingly, priority prioritization and resource allocation are
significant activities in logistics support planning.

Determining the needs for ammunition (Zlatnik & Mares, 2020), fuel,
spare parts, food and water items, determining the occurrence of failure
on assets, as well as the place and time of service procedures, requires
extensive calculations and forecasts. To take specific measures to meet
these needs, logistics authorities must gain direct insight into the state of
availability of resource capacities of the logistics network (no matter
whether it is material stocks or maintenance capacities). These problems
cannot be adequately solved without modern decision support tools that
can predict rapid changes in logistic requirements and analyze the
resource capacities of the logistic network (McConnell et al, 2021). Some
of these tools, which can be found in the literature, belong to MCDM
methods: MARCOS, CODAS, EDAS, VIKOR, MABAC, and many others
(Li et al, 2020).

MARCOS (Measurement of Alternatives and Ranking according to
COmpromise Solution) considers an anti-ideal and ideal solution at the
very beginning of the formation of an initial matrix, closer determination of
utility degree concerning solutions, a proposal of a new way to determine
utility functions, a possibility to consider a large set of criteria and
alternatives while maintaining the stability of the method (Sarma et al,
2020).
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CODAS stands for COmbinative Distance-based Assessment, and it is
used to determine the desirability of an alternative. This method uses the
Euclidean distance as the primary and the Taxicab (hon-Euclidean) distance
as the secondary measure, and these distances are calculated according to
the negative-ideal point. The alternative which has greater distances is more
desirable in the CODAS method.

The desirability of alternatives in the Evaluation Based on Distance from
Average Solution (EDAS) method is determined based on their distances
from an average solution. Because the average solution is determined by the
arithmetic mean in this method, the EDAS method can be efficient for solving
stochastic problems.

VIKOR (Multicriteria Optimization and Compromise Solution in
Serbian) solves decision  problems  with  conflicting and
noncommensurable (different units) criteria. Assuming
that compromise is acceptable for conflict resolution, the decision-maker
wants a solution that is closest to the ideal one, and the alternatives are
evaluated according to all established criteria. It ranks alternatives and
determines the solution named compromise that is closest to the ideal.

The MABAC (multi-attributive border approximation area comparison)
model handles the complex and uncertain decision-making issues by
computing the distance between each alternative and the bored
approximation area (Pamucar & Savin, 2020).

Based on all the above, the goal of this paper primarily indicates the
growing need to develop the logistics planning process, and the final
transition from traditional thinking to more modern, innovative solutions to
keep pace with foreign armies. In practice, this would be reflected in a
fast decision-making process using information systems based on
modern resource allocation models to reduced logistics staff effort and
shorten response time.

The current process of manual logistic support planning requires a
high level of resourcefulness, combinatorics, and calculations to perform
all the defined tasks with the best possible results. Based on practical
experience, the method of allocation of limited resources was applied in
this paper as a starting point for the development of a simplified logistics
support plan. Certainly, this paper should contribute to the development
of logistics support and the planning process in the army in general,
given that the existing literature does not recognize this way of solving
the allocation of resources (Daoud et al, 2021).

Nowadays, research shows that even in modern armies, logistics
planners do not have adequate tools to help them provide quick answers
to questions, especially in a time-limited expedition planning environment
(Schwartz et al, 2019). Therefore, the development of more intelligent
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planning and analytics tools is enabling the military to expand logistics
innovations further and improve the efficiency of the logistics system.

Basic features of the logistics support planning

The logistics support planning is a complex undertaking that requires
good forecasting, logistics network optimization, and risk analysis in a
highly uncertain environment (Rogers et al, 2018).

The goal of the logistics support planning is to determine the optimal
logistics resources, as well as the order, manner, and deadlines for
performing logistics support tasks and elaboration of measures, based on
the elaborated variant of using engaged forces, objective assessment of
the situation, and accurate calculations and activities to increase the
efficiency of the logistics system, its stability, and vitality.

Logistics support planning is a segment of the operational planning
process and represents a very dynamic process with a defined goal that
takes place at a specific time. It requires a creative and organized action
of the logistics management bodies which is a necessary condition for
achieving a certain degree of organization in preparing executive logistic
staff and their precise work plan. The action should be harmonized
concerning the set goal, time, and space for the execution of tasks.

In the last period, the countenance of modern military operations has
changed radically, which has led to a change in the operational
environment and the use of military forces. Modern operations are
primarily reflected in the increasingly stringent and complex requirements
of users in terms of speed, safety, quality, quantity, and diversity of
providing the necessary resources. The emerging operational
environment is changing rapidly and requires rapid responses, which has
led to traditional military planning not offering good enough solutions.

New approaches to military planning should be able to deal with
emerging issues by providing solutions that are robust to deviations from
ordinary circumstances and be easily adaptable to new information that
becomes known during the execution of the plan, thus increasing
effectiveness and efficiency in military operations (Zeimpekis et al,
2015).

Traditional planning seeks solutions that require minimal
modifications of the plan during the execution phase. Such an approach
to initial plan development may require relatively large calculations. On
the other hand, agile planning requires quick solutions that allow a plan
modification and re-planning to anticipate events and information during
the execution phase (Zeimpekis et al, 2015).
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The basic elements considered in logistics support planning for a
military operation, as complex actions of the project type, are user
requirements viewed as activities to be serviced, time, resources, and
costs.

Resources are usually of limited capacity, which leads to the fact
that user requests for a specific type of resource are more significant
than the ability of the logistics system to fully meet all requests in one
particular (given, planned) period of time. In that case, the process of
planning the allocation of limited resources is very complex because the
logistics authorities are faced with the problem of how to provide an
effective, efficient and fair way to meet user requirements while obtaining
the most significant global utility of the military system.

Implementing an effective policy of planning and resource
management in military logistics requires constant monitoring and a
comprehensive analysis of the availability of actual and potential logistic
resources. This enables the development of an optimal system of
resource allocation among interested users, taking into account the
introduction of modern technologies and energy savings (Kostiuchenko &
Solomon, 2020).

The approaches to solve the problem of the rational allocation of
limited logistic resources, in the logistics planning process, depending on
the policy of resource adjustment, can be classified as follows:

- To firmly set a deadline, with a known scope and type of

requirements and engage resources sufficient to all user requirements
to be met. In this case, a cost minimization strategy is applied,;

- To find a solution for known available (limited) resources, with a

known scope and type of requirements, which will provide a
minimum extension of time to provide the necessary resources
and meet all user requirements. In this case, a time minimization
strategy is applied;

- To select the type and scope of requirements that can be met, to

achieve maximum effects, for known available (limited) resources,

in a firmly set period of time. In this case, the strategy of maximizing

the global utility is applied, i.e. the rule of allocative or Pareto

efficiency.

In the process of the logistics support planning, logistics staff should
continuously observe, study and analyze user requirements in different
ways and from different points of view, and generally have to make many
decisions based on individual perception and experimentally chosen
criteria, to respond to the requirements as rationally as possible to users
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with available resource capacities of the logistics system (Milenkov et al,
2020).
Figure 1 presents a logistics support planning model.

Customer satisfaction
policy

—  —

User Resource
requirem- Logistics gupport Cagftﬂges
ents planning th

logistics

[
[
Variants of the

Logistics Support
Plan

Figure 1 — Logistics support planning model
Puc. 1 — Modenb nnaHuposaHusi noeucmu4eckoli moO0epKKu
Cnuka 1 — Moden nnaHupara rnoeucmuyke nodpLuxke

The result of the planning process is the Logistics Support Plan, a
document in which the planning actions are written towards the set
goal. The development of the plan concretizes the goal and determines
in more detail what needs to be done to reach the goal, having in mind
the probable development of future events. The concretization of the goal
includes answers to the questions: what needs to be done, who needs to
do it, when it needs to be done, where it needs to be done, with what to
do it (with what resources), and how to do it. It aso needs back-up
solutions in the case the assumptions and limitations on which the plan
change is based (Andreji¢ et al, 2004; Andreji¢, 2001).

The plan must be flexible enough to allow for changes and additions,
thus expressing the continuity of the planning process. So, continuity of
planning requires reviewing the goals and, if necessary, redefining them,
i.e. revising the plan in certain time intervals. In general, the logistics
support planning process includes the following steps:

- Determining customer requirements, expressed through the
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necessary resource capacities of the logistics system;

- Determining the available resource capacities of the logistics
system in the observed planning period;

- Determining the deviation of the required and available
resource capacity;

- Choice of policy to meet customer requirements;

- Development of alternative planning solutions;

- Selection of a planning solution from the set of acceptable
solutions; and

- Concretization (detailed elaboration) of the selected planning
solution.

These activities indicate that in the process of logistics support
planning, it is necessary to apply adequate models for the allocation of
limited logistic resources in accordance with the conflicting requirements
of the users to achieve better global utility of military formation.

It is obvious that solving the problem of allocating limited resources
during the logistics support planning process requires the involvement of
several stakeholders, which in organizational terms is a collective (group)
way of decisions making. Therefore, it is imperative to adhere to certain
principles, adopted priorities and present restrictions to mitigate the
conflict of the user requirements and make the Logistics Support Plan as
efficient as possible.

Logistics support planning based on prioritization of
requests and allocation of limited resources

In the broader context of logistics support planning, the first
important question that arises is what to allocate and to whom to allocate
it, while the second question is how much to allocate. The answers to
these questions are very complex and must be assessed against the
higher goals of the military organization, especially when there are limited
resource capacities of the logistics system. In this regard, the problem of
resource allocation is an essential and challenging task in logistics
support planning, where logistics resource capacities such as material
resources, intangible items (e.g. services), and human resources are
allocated in accordance with user requirements.

In general, the problem of resource allocation is present in various
fields and attracts the attention of many researchers and
practitioners. Different approaches to resource allocation are presented
in the literature, which is based on specialized mathematical models and
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algorithms (Luss, 2012). These models are used in many areas, such as
industrial production management, communication, and computer
networks, emergency services, health services, air traffic, allocation of
water rights, environmental and military issues (Luss, 2012; Meran et al,
2021; Skobelev, 2011; Hameed et al, 2016).

The central question in resource allocation problems is how to
optimize a goal based on certain criteria. In such problems, there are
often contradictions and tensions in establishing a certain balance
between user requirements because achieving one value can be
detrimental to another. These problems are often modelled so that the
immediate outcome of optimization is a Pareto set of sustainable
solutions (Chevaleyre et al, 2006; Ogryczak et al, 2014).

If there are conflicting goals among interested users, the Pareto set
contains several solutions that represent different trade-offs in conflicts
over resources. The basic goal of solving such problems is to choose the
best compromise for a particular domain in which optimization is applied
(Luss, 1999).

Resource allocation is a problem of discrete optimization and
belongs to the category of NP-heavy (non-deterministic polynomial-time
hardness) problems. Finding solutions that meet all the limitations means
searching for a vast space of possible solutions. Therefore, the
application of advanced techniques that use different heuristics to narrow
the search space allows us to find a solution that is close to optimal.

The development of fully automated systems for solving allocation
problems is often rejected in practice. The reason may be restrictions
that are difficult to register fully, decision criteria difficult to
determine, and end-users not usually being experts in using complex
mathematical concepts such as large matrices of mathematical
programming or weighting factors of multicriteria optimization.

In the conditions of uncertainty, logistics staff in charge of logistics
support planning often have incomplete, inaccurate, contradictory,
insufficiently clear, and insufficiently reliable information on user
requirements and available resource capacities of the logistics system,
which complicates the process of determining the distribution of
resources in the logistics system in accordance with customer
requirements.

In the case when resource capacities of the logistic system are
insufficient to meet all user requirements, specific heuristic rules can
provide great assistance to logistics authorities in choosing a policy to
meet user requirements, such as:

- Rule "First come, first served";
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- Rule "The most urgent request is served first";

- Rule "The request whose realization lasts the shortest is served
first";

- Rule "The nearest date is executed first" (request with the shortest
time - waiting period);

- Rule "Priority of requests, i.e. ranking of requests according to the
degree of significance".

Prioritization of requirements has proven in practice as an effective
strategy in the allocation (distribution) of resources that facilitates the
decision-making process and allows suppliers to efficiently and fairly
provide resources to a larger number of users (Luss, 2012).

Limited resource allocation model

To solve the problem of the logistics support planning, it is
necessary to know the requirements of users (i=12,...,m) for a

particular type of resource (Bij), and, on the other hand, it is necessary

to know the availability of required resource capacities of the logistic
system (Rj) for the observed planning period.

The value (B ) represents the needs of the i-th user (i =12,...,m)

ij
m

for the j-th type of resource (j=12...,n), i.e. B, = > By it represents
i=1

the total required amount of the j-th type of resource of all m users. At the

same time, the size (Rj) represents the availability of the j-th type of

resources in the observed planning period.

Satisfaction of specific user requirements with the j-th type of
available resources (R j) can be presented as follows:

k | m
Rj:;RJ+ZRS+ZR”T (1)

i=k+1 i=l+1
where:
Rj+ - the amount of the j-th type of resource with which it entirely (100%)

meets specific user requirements (i =1,...,k),
R -

J
requirements are partially met (i =k+1,..., I),

the amount of the j-th type of resource with which specific i-th user
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RJT - the missing amount of the j-th type of resource due to which the i-th

user requirements are determined (i =] +1,...,m) unsatisfactory.

Depending of resources availability, two basic planning categories
can be applied: resource levelling and resource allocation.

The problem of levelling resources arises in the case when there is a
sufficient amount of available resources of the logistic system to meet all
user requirements in the observed planning period entirely. Here, it is
essential to fulfill the condition of timeliness of satisfying all user
requests, which is achieved by determining the order of satisfying user
requests for a specific type of resource.

In this case, the needs of all users are fully met, and the solution to
the problem of resource planning is unambiguous and comes down to

the distribution of the size of available resources (Rj) of a series of
quantities (Bij ) where the condition is satisfied:

&:2%3& (2

The size Rj represents the available amount of resources, i.e.

Rj = R'j +1;, where the size R; represents the number of resources that

are allocated to user requirements, while r; represents the number of

resources that remain after distribution, i.e. represents the excess
resources for the observed planning period.

The problem of resource allocation occurs when resources are
limited, i.e. insufficient to meet all user needs in the observed planning
period, which can be mathematically represented with the following
expression:

B, =Y B, >R, (3)
i=1

In this case, there is a shortage of resources, which for the j-th type
of resource is:

AR; =B; =R, 4
The size ARJ. should be taken away from the users in some way to
cover the existing lack of required resources.
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The solution to this problem comes down to allocating the available
amount of the resources R; to the order of new guantities b;; to satisfy

the following condition:

m m
R; =>"b; , respectively R => B, —AR, (5)
i=1 i=1
This can be done by shortening the required amount of resources to
each user by the number of missing resources 5”, SO thatARj

represents the total amount of missing resources that could cover the
resulting shortage or meet the condition:

AR, = ;5”. (6)

where: §; - reduced amount of the j-th resource to the i-th user.

Research on resource allocation problems shows that ranking user
requests according to the degree of importance, seeking or sharing the
same resource, is an important activity when deadlines are short and
resources are limited (Lehtola et al, 2004). Requirements prioritization is
the setting of ranks or ratings of importance to a set of requirements
based on specific criteria and according to the viewpoints of various
stakeholders (Moisiadis, 2002, Ogryczak et al, 2014).

In addition, when ranking the requests, what is important is the
method of determining the coefficient of the significance of the request
concerning the obtained rank.

From the set conditions and specific priority requests of the user
(Kij) for a specific type of resource, the coefficient of the significance of

the request of the i-th user for the j-th type of resource can be determined
(:uij € [011]) .

From the above conditions, the appropriate relative coefficient of the
significance of satisfying the user's request for the j-th type of resource
(,Hij ) whose value is:

B,
ij = n om (7)

w33

where:
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Bij - the size of the required j-th type of resources by the i-th user for the
observed planning period,
L - the coefficient of the significance of the request of the i-th user for

the j-th type of resource, and
M - number of users.

In that case, the reduced amount of the j-th resource to the i-th user
can be determined by the following relation:

5ij :,Bij 'ZARJ' (8)
j=1

In this situation, the amount of the j-th resource allocated to the i-th
user is:

b; = B, -5, ©)

The assessment of meeting the requirements of the i-th user with
the j-th type of resources after reducing the planned amount is
determined by the coefficient of individual service of the user:

b,
/lij :E (10)

ij
In this way, it is ensured that the coefficient of individual customer
service 4;; is equal to the coefficient of the average service 4; of all p

users (0 <p<s m) with the same priority of satisfying the requirements
with the j-th type of resource.

In this case, the coefficient of average customer service with the
same priority resource is:

b *
Z by

Aj="t— (11)
Z Bii
i=1

The procedure in this model of allocation of limited resources
ensures that the Plan of allocation of limited (insufficient) resources is
rational, fair, and correct for all users because all the set conditions are
met.
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Requirements prioritization techniques

One of the key problems of optimal allocation of limited resources is
setting priorities to meet user needs. However, this problem can be
overcome by using specific techniques, methods, and approaches of
prioritization.

Numerous user prioritization techniques have been presented in the
literature, see (Vestola, 2010; Achimugu et al, 2014; Khan et al, 2015;
Qaddoura et al, 2017; Hudaib et al, 2018; Olaronke et al, 2018).

In general, request prioritization techniques can be divided in two
categories. Techniques include requirement prioritization methods and
requirements negotiation approaches (Olaronke et al, 2018).

Request prioritization methods are classified into methods that use a
nominal scale, ordinal scale, and ratio scale, while approaches to
negotiating claims focus on assigning priority to meeting requirements
through consensus of stakeholders.

Nominal scale methods allow requests to be assigned to different
priority groups, where all requests in one priority group are treated
equally. Ordinal scale methods result in an orderly list, so it is possible to
see which requirements are more important than the others, but not by
how much, while relationship scale methods give a relative difference
between requirements, i.e. they can quantify how much more important
one request is than another. In addition to these methods, other methods
are cited in the literature, such as Interval Scale, Hybridized Scale, and
Machine Learning (Olaronke et al, 2018).

Each of these methods and techniques is characterized by different
challenges, as none can be considered the best given the problems that
accompany them, such as reliability, consistency, consensus when
multiple stakeholders are involved, as well as difficulties when there is a
large number of requirements, etc. In addition, some take more time but
give more accurate results (Zou et al, 2019).

In practice, it becomes challenging for decision-makers to choose
the correct method and techniqgue when prioritizing requirements. In
many cases, decision-makers are faced with the fact that not all
requirements can be fully met due to limited resources and time. This
means that it must be decided which of the requirements can be
removed from the observed set of requirements and which requirements
can be partially satisfied.

However, the development of models based on hybrid approaches
that include a combination of different methods and techniques, as well
as reaching consensus among stakeholders, can be considered as
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promising models in decision-making when prioritizing customer
satisfaction (Wei et al, 2021).

The Requirements triage method is a handy tool for establishing
relative priorities in the assessment of resources to meet user
requirements, where requests are most often classified into three groups
on a nominal scale, as follows:

- High priority requirements (critical, fundamental), which must be
fully met;

- Standard priority requirements (quite important), which can be
partially met; and

- Low priority requirements (irrelevant, not mandatory), which do not
have to be met in the observed period.

After the triage of requests, the next step is to rank those requests
that can be partially met according to the degree of importance
depending on their position on the ranking list.

Let X ={X,,X,,...,X, | be a set of predefined options (requirements),
where X; represents the i-th requirements (i=1,...,n). Let

D={d,,d,,...,d, } be a set of decision-makers, where d, denotes the k-
th decision-maker (k=1...,m). Each decision-maker d, € Dcan

express their preference information using different preference
structures.
The procedure of the rank selection process is given as follows:

Step 1: Obtaining the individual preference vectors

Let Rk:{rlk,rzk,...,rk} the individual ranking vector, where

n

r* represents the i-th rank of requirements (i =1,...,n), which is given by
the decision-maker d, .

Step 2: Obtaining the collective preference vectors
After obtaining individual preference vectors by different decision-
makers, for calculating the collective preference  vector

Rc:{rl°,r2°,.. rc} where I, represents the i-th rank of requirements

R B

(i =1..., n), in this paper, the heuristic algorithm of the median Kemenia
is applied (Milicevi¢ & Milenkov, 2014).

123

Simi¢, N. et al, Logistics support planning model in the conditions of limited resources, pp.109-139



ﬁ‘ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2022, Vol. 70, Issue 1

Step 3: Consensus reaching process

A consensus-reaching process is a dynamic and iterative group-
discussion process that helps the decision-makers to bring their opinions
closer before making a decision (Pérez, 2018). This process consists of
several rounds where the decision-makers discuss and change their
preferences according to the suggestions given by a moderator. Usually,
the moderator is a person who does not participate in the discussion, but
he or she helps the decision-makers to make their preferences closer to
each other. The moderator's tasks are 1) computing the consensus
measures, 2) checking the level of agreement, and 3) generating some
advice for those decision-makers that should change their minds.

To calculate the level of consensus, the ordinal consensus degree
(OCD) measures is applied in this paper, The OCD is defined as the
deviation between individual preference vectors and collective preference
vectors (Dong & Zhang, 2014), as follows:

1 .
OCD(dk):n_zz‘rik —ri (12)
i=1

The ordinal consensus degree among all decision-makers is given
as follows:

OCD{dl,dz,...,dm}=%Zm:OCD(dk) (13)
k=1

If the OCD(d,,d,,...,d, )=0, then all decision-makers have

complete ordinal consensus with the collective option. Otherwise, the
smaller OCD{d,,d,,...,d, } value indicates the higher ordinal consensus

level among {d,,d,,...,d, .

When the level of consensus is not met, a feedback adjustment
procedure is applied to improve the level of consensus among decision-
makers, which is repeated until a predetermined level of consensus is
reached a (Tang et al, 2021).

Methods of converting ranks into weighting coefficients

Ranking user requirements and then converting ranks into weights
has certain advantages. The main advantage of this method of
determining the significance of user requests is that it is much easier to
rank user requests by applying specific methods of prioritization, and
then based on the obtained unified list of n prioritized (ranked)
requirements, determine the weighting coefficients of the significance of
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the requirements by applying specific methods for converting ranks into
weight values (Tufail et al, 2019).

In the literature (Milicevic & Milenkov, 2014; Alfares & Duffuaa,
2016), several methods for determining the weight values of the
coefficients based on their rank are presented. The following methods
were used in this paper:

1) Variable-slope linear (VSL) weights:

w, =100 —(3.19514 +Mj (r-1) (14)
n

2) Rank-sum (RS) weights:

w, =100-(n+1-r)/n (15)
3) Rank reciprocal (RR) weights:

w, =100/r (16)
4) Rank order centroid (ROC) weights:

100> 1/i
W, = Z':r (17)

r n .
D i
5) Geometric weights (GW):
100
W, =-——~ (18)
(v2)
where:
w; - weight value of the coefficient of significance of the request,
r - rank required, n - the total number of user requests.

The weight values of the coefficient of the significance of the
requirements obtained by these methods are in the range from 0 to 100.
By additive normalization, these values are reduced to the interval 0-1.

In this paper, the aggregation of the weight values of the coefficient
is performed by arithmetic averaging of the obtained values using the
above methods, with the following expression:

W W
== (19)
q
where:
g - the number of methods applied, and

j=12,...,n - the user request number.
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Application of the resource allocation model

For the observed planning period, the requirements of 5 users who
use the same resource of the logistics system were analyzed.

The logistics support planning process was implemented through the
following steps shown in Figure 2:

Step 1: Determine user requirements for a particular type of
resource
After the analysis, the user requirements were grouped into ten

homogeneous groups, with the total required capacity B, = 7000 of
resource units, as shown in Table 1.

Table 1 — Overview of the user requests for the same type of resource
Tabnuya 1 — O630p 3anpocos nosb3osamereli No 00UHaKo8OMYy mury pecypca
Tabena 1 — [peaned 3axmeesa KOPUCHUKa 3a Ucmy spcmy pecypca

Bl |B2 | B3 | B4 |BS B6 | B7 B8 | B9 | B10 | Total
K1 300 | 200 | O 100 | 100 | 100 | 250 | 100 | 150 | 200 | 1500
K2 100 | 200 | 100 | 200 | 300 | 150 | 150 | 100 | 200 | 200 | 1700
K3 0 0 200 | 100 | 150 | 300 | 200 |50 | 100 | O 1100
K4 200 | O 0 300 | 300 |50 | 100 | 100 | 250 | 200 | 1500
K5 0 100 | 200 | 50 | 150 | O 300 | 150 | 100 | 150 | 1200
Total | 600 | 500 | 500 | 750 | 1000 | 600 | 1000 | 500 | 800 | 750 | 7000

Step 2: Determining the available capacities of the logistics system
for the required type of resources

For the observed planning period, it was determined that the
logistics system for the required type of resources has a capacity of

Rj =5000 units of measure.

Step 3: Determining the deviation of the required (required) from the
available resource capacity

Given that the total required resource capacity of the user
isB; =7000 units of measure and that the logistics system has the

resource capacity of R; =5000 units of measure, there is a shortage of

resources in the system of AR, =B; —R; =7000—-5000 =2000 units of
measure.

126




Step 4: Select a customer satisfaction policy.

The choice of customer satisfaction policy plays a key role, given the
present deficit of resource capacity of the logistics system. In this regard,
the “Priority of Requirements” rule has proven in practice to be a very
effective policy for the allocation of limited resources.

In this paper, the technique of request triage was first applied, where
after the analysis, it was decided which requirements will be fully
satisfied, which partially, and which will not be served. After that, the
technique of ranking the partially met requirements was applied to
determine their degree of significance to achieve the greatest global
usefulness of the system.

Step 4.1: Application of the triage requirement technique

By applying the request triage technique, the decision-makers
decided that the requests of users B7, B8, and B9 were fully met, and the
request of B10 was not met. It was also decided that other requirements
would be partially met by all users.

Table 2 — Overview of the user requirements after the triage
Tabnuya 2 — O630p 3anpocos nosib3osamernell nocne copmuposKU
Tabena 2 — lNpeeaned 3axmesga KOPUCHUKa HaKOH mpujaxe

B1 B2 B3 B4 B5 B6 Total
K1 300 200 0 100 100 100 800
K2 100 200 100 200 300 150 1050
K3 0 0 200 100 150 300 750
K4 200 0 0 300 300 50 850
K5 0 100 200 50 150 0 500
Total 600 500 500 750 1000 | 600 3950

Following the request triage procedure, the total required resource
capacity of the users is Bj =3950 units of measure, and the available

resource capacity of the logistics system is now R; =2700 units of

measure. So, there is still a deficit of resources in the system, which now
amounts to:

AR, =B, — R, = 3950 — 2700 =1250
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Step 4.2: Ranking the requests that are partially served

In the process of determining the degree of significance of the
requests that are partially served, five decision-makers participated in
ranking the requests B1, B2, B3, B4, B5, and B6.

Table 3 provides an overview of the ranked user requirements by
the decision-makers.

Table 3 — Overview of the ranked user requests by the decision makers
Tabnuya 3 — [Nposepka paHXupo8aHHbIX 3arpocos nosib3oeamesieli 0mMeemcmeeHHbIM
JIUYOM, NPUHUMAaKOWUM peLeHUsT
Tabena 3 — lNpeaned paHaupaHUX 3axmeea KopucHuUKa 00 cmpaHe GoHocuoua 00ryke

le];ilfé‘?g' B1 B2 B3 B4 B5 B6
DM1 1 2 4 3 6 5
DM2 1 2 3 4 6 5
DM3 3 1 2 5 4 6
DM4 1 2 3 4 5 6
DM5 2 1 3 5 4 6

Step 4.3: Consolidate individually ranked requests into a group rank

Consolidation of individually ranked requests by a group of decision-
makers into the final group order was done by applying the heuristic
algorithm to determine the Kemeny median.

After performing the procedure of binary relations between ranking
pairs, the obtained elements of the loss matrix are shown in Table 4.

Table 4 — Loss matrix element values
Tabnuya 4 — 3HayeHus anemMeHmos8 Mmampuubl MOMepk
Tabena 4 — BpeOHocmu enemeHama mampuue 2ybumaka

Bl B2 B3 B4 B5 B6
B1 0 0 0
B2 4 0 0 0 0
B3 8 10 0 2 0 0
B4 10 10 0 4 0
B5 10 10 10 6 0 4
B6 10 10 10 10 6 0
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Table 5 shows the procedure for applying the Kemeny median
algorithm to obtain the final group order of user requests in accordance
with the degree of significance.

Table 5 — Application of the heuristic algorithm of the Kemeny median to obtain a group
order
Tabnuya 5 — lNpumeHeHue agpucmuyeckoao anzopumma meduaHbl KemeHu 0ns
rosy4yeHus1 epynnoeoeo rnopsioka
Tabena 5 — lNpumeHa xeypucmuykoe anzopumma medujaHe KemeHuja 3a dobujar-e
epyrnHoe nopemka

Si(l) Si(2) Si(3) Si(4) Si(5) Si(6)
B1 8 2
B2
B3 30 10 2
B4 34 22 12 4
B5 42 30 20 10
B6 26 36 26 16 6 0

The final group rank of the requests is B2, B1, B3, B4, B5, and B6.

Step 4.4: To calculate consensus levels

By applying Egs. (12) and Egs. (13), the level of consensus is
calculated, which is OCD = 0.08889. The obtained level of consensus is
satisfactory, which means that the decision-makers do not need to adjust
their preferences.

Step 4.5: Determining the weight values of the coefficient of the
significance of the requirements

Table 6 shows the weight values of the coefficients of the
significance of the requirements based on their rank, obtained by
applying the method of converting the ranks into weight values.
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Table 6 — Weight values of the coefficient of significance of the request
Tabnuya 6 — Becosble 3Ha4eHUs1 KOaghghuyueHma 3Ha4yuMocmu 3anpoca
Tabena 6 — TexxuHcKe epedHocmu KoeghulyujeHama 3Ha4ajHocmu 3axmeea

B2 Bl B3 B4 B5 B6
VLS 0.2185 0.1978 0.1770 0.1563 0.1356 0.1148
RS 0.2857 0.2381 0.1905 0.1429 0.0952 0.0476
RR 0.4082 0.2041 0.1361 0.1020 0.0816 0.0680
ROC 0.4083 0.2417 0.1583 0.1028 0.0611 0.0278
GW 0.3347 0.2367 0.1674 0.1183 0.0837 0.0592
Wij 0.2763 0.2181 0.1714 0.1375 0.1101 0.0866

Step 5: Development of alternative planning solutions

By applying the model, alternative solutions for selecting the optimal
Logistic Support Plan have been developed, depending on the weight
values of the coefficients of the significance of the requirements u;,
which are shown in Table 7.

From Table 7, it can be seen that the difference between the
maximum and minimum values of the percentage of customer service in
the VLS method is 18.80, in the RS method 55.08, In the RR method
41.26, in the ROC method 69.33, while in the GW method it is 46.26.

The difference between the maximum and minimum values of the
percentage of customer service in the arithmetically combined group

value of weight coefficients Wj is 33.08.

Step 6: Selection of the planning solution

After analysing acceptable planning solutions for developing the
optimal Logistic Support Plan, the resource allocation was selected

based on the values of weighting coefficients Wj .

Step 7: Detailed elaboration of the selected planning solution

In this step, a customer service order with the allocated amount of
resources in the observed planning period is elaborated.
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Figure 2 — Flowchart of the proposed methodology
Puc. 2 — briok-cxema ripednazaemol memodorsoauu
Cnuka 2 — [Jujazpam moka npednoxeHe memodorioauje

Simi¢, N. et al, Logistics support planning model in the conditions of limited resources, pp.109-139



132

SL <L 99 s 8t |11 9L vi 15 66 LS £t | Os1 sA
wsStlsrt ] o e 6o |, [ce [sce ] o [Ast]6rt | ., [T [861 | [Se1 st ] 00 |=|=|=lelele[ A
ZI8c | o [o0 tves |2 [8e a2 [ocve |2 1s |66 |=2[8 9 |ost |Z|RS|ZIZI=][EA0] o | sa
@w w o du o = m W ==
HSSE skl | S JIEL [ 691 | © |t [ecc | [Isi[6rt | = [ 201 | 861 |'® [sL1|sTh | 00€ S22 2R ST
IS | 8F vr | 95 9T | vL 0s | 0 re | 99 8S | ¢r | 001 [
£ |61 [ < tr | L1 [ te | LI tt | 8L | 0% A
o [98U P | o [18T 16T | o, [B6U 30T ., [SLT]FEl | o [ 10C | 66 | .. [F61 [991 | 00f |=|=]|=]|es|el=[TA
Ploolse IR[ooTor |2 [ [ve |B[6s | v | 229 | £t |&=[59 [ st |o0o1 wmmmmu Tt | s | o
=[FZi|oc |“ [oci [ 08 | [TEi 89 | = [Z11] €8 | = [=1 ] 99 | © [621 [ iz [ 0oz |=|=|=|=]°|¥[=
T | st 09 | ov 99 | ve 65 | (v L9 | £t o | <5 | 001 1A
alest o | ferilos I oot ]or 2 perl oo | [t re | fesn] i [ooT [ofo]lols]e]s SN
» e hy w ! =~ g | @ 3 s I=I=iI=i=lzr §
2 6et | 19 o TERES 2 oot | or 3 vet | 99 2 ot | vy e 6£1 | 19 | 002 z|zIEEE 12 ]| v | v
oL | of Te | 8t o8 | oz Lo | £t 8L | T 6o | 1£ [ oot | |ZI=Z1=1=7| o
8¢ | ¢l or | 01 e | L 8t | <l r | 8 9% | #1 | 0S [
2 [T 2 [P 00 | % [TOT]6r | ot [PTe]ve | % [T [ oc |3 [Tz 18 [ oo |SIZISISIZIZN] | o
R |5 [T or | [oerloe | [FTTZe | & [T ST g [@or | Tr [osT |2 |S|E|2 |32
9z | ¥c 08 | Ot Z8 | £l S | St T8 | 21 £L | Le | 001 A
w8 let f losler | _Jtel6 )  |b8] 5 e et | se vz |ool | fololalelalsd
>4 BT KD g 2 =<0 T I e T e I A B S A R - S e A R R
- - - = — & o 21315 1=12)12
o1 | 8¢ il | st €81 | L1 Lor | €5 FLl | 9T st | sr z B
o loetfoe | fost oz | fostfor | fest]on | st fzz | Josi]er | 00Z |olofo]o]ofs| bt
m s8 | st m 06 | o1 m s6 | s m 6| s m 68 | 11 m 8¢ | Tz | 001 mmwmmm | 1|8
ssZ | s oz | o $8T | 51 si| st 92 | £ veZ | 99 | oo |7 1
o~ o o o o — q . o x3 - =
2l |22l |2 12|22 |22 |2 u&wwwwwmmm
=:
=3 R )
70N A 20¥ i Su SIA n <l
esauixee

NnwooHfeneHe eweHalnnghoo NWoOHEads XNIoHNXaW QO nwaoHINsee A eadAsad xnHednhoLre eHNKNLIOY €exnd] | — ) eLrage |
eooduee NUWIDONNKEHE
90WHBNNNGHEDH NNHORBHE XI990089 WO NWI0OWNINses 8 800dA2ad XIGHHOLIBPISS BOWIIShNLION SnHAXEdgoW (O — / ehnuge |
1sanbal ay)
JO aoueolIubIs JO S1UBIDIYB0D By} JO sanfeA ybiam ayl uo Buipuadap sadinosal paredo|e Jo Junowe ayl jo Aejdsig — 2 a|qel

T @nss| ‘0L “I0A ‘2202 ‘YII-HINOD TYIINHIOIL AAVLITIA / MINSY1D IMQINHILONIOA r.w




Conclusion

In logistics systems, there is often a need to make decisions
regarding the allocation of limited resources. Resource allocation
efficiency is measured by optimizing appropriate parameters such as
demand size, resource capacity, task execution time, system latency,
and cost, which are key elements in planning the logistics support of
military operations.

The considerable uncertainty and dynamics of the requirements
generated by military units (users of logistic products and services), and,
on the other hand, numerous limitations present in logistics indicate that
logistics support planning is a crucial and challenging area of logistics.

Optimal planning reduces or eliminates the uncertainty of future
activities and maintains the system within the permissible (tolerant)
framework of functionality in the observed future period.

To plan logistics support well, it is necessary to have reliable data on
customer requirements, as well as data on the availability of limited
resources of the logistics system. In addition, quality planning implies
applying modern methods, techniques, and software tools, which will
provide greater rationality and objectivity in determining the variants of
planning solutions.

This paper has shown that techniques for prioritizing customer
requirements and resource allocation provide a possibility of agile
planning of logistics support and ensure optimal allocation of limited
resource capacities of the logistic system. The goal in future research is
to consider the possibility of applying the allocation of multiple resources,
in multiperiod, according to priorities, and by substitution of resources to
finally obtain, as much as it is possible, an automated logistics support
plan ready to respond to all possible scenarios.

Due to the extraordinary dynamism and heterogeneity of
phenomena in logistics activities, logistics support planning cannot be
fully and easily formalized and automated. In that sense, the efficiency of
logistics support planning depends on creativity, organizational skills, and
innovation in the work of logistics staff.
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PYBPWKA T'PHTW: 81.00.00 OBLWME W KOMIIEKCHBIE MNMPOBJIEMbI
TEXHUYECKUX U MPUKNAOHBIX
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XO3ANCTBA:
81.88.00 MaTtepuanbHO-TEXHUYECKOE CHAbXeHNe.
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MaTepuanbHOTEXHUYECKOM CHabXeHun
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Pesome:

Beedernue: B cmambe npedcmaeneHa Modefib  MiaHUpo8aHUst
nioeucmuyeckoli no0dep)KKU 8 YCri08USIX 02PaHUYEHHbIX J102UCMUYeCKUX
pecypcos, OCHOB8aHHasi Ha rpuopume3ayuu 3arpocos KIUeHmos U
pacrnipedeneHuu pecypcos. Jluua, npuHUMarouue peweHus, usparm
Ko4yesyro posib 8 3ghghekmusHoOM U CcripasedniueoM pacripedeneHuu
PECypCoB, NOCKOIIbKY OHU Orpedesnsirom npuopumems! cpedu pasnuyHbIX
3anpocos rnornk3oeamernel.

Memodel. [ns onpedeneHuss cmeneHu 8axHocmu mpebosaHull
ronb3oeamers Obinu NPUMEHeHbI MEMOOb! MpuopuMuU3ayuu 3arnpocos ¢
Ucrornb308aHUeM HOMUHasbHOU WKasbl, MopsiOKosoU wWiKanbl U WKarbl
OmHoweHUl, a makxe nsmb Memooos npeobpasosaHusl paHza 8
secoeble KoaghgpuyueHmsi. Memod CopmMupOoBKU 3arnpocos
ucrionb3oearsicsi Onsi onpedesieHuss OMHOCUMEsbHbIX MPUOPUMeMmos, 8
mo epeMsi Kak 3spucmuyeckuli ameopumm onpedesieHusi MeouaHsl
KemeHu  ucnonb3oeasnicss  Ons  obbeduHeHusi  UHOUBUOyaslbHO
paHXUpoBaHHbIX 3arpocos 8 epymnnoeol paHa. Ymobbl ypasHosecums
npomueononoxHele mpebosaHusi onb3oeamerieli, UCMOMb308asIUCh
KOHCEHCYCHbIe Mepbl epyrnogoeo NPUHSAMUS peweHud. [nsi nonyqyeHus
onmuMasibHO20 MIaHUPOBOYHO20 PeLUeHUs s1oaucmuYeckol rnoddepxku
rpuMeHeHb! MemoObl U puUeMbl pacrpedesieHuUs Pecypcos.

Pesynbmamsi: PaspabomaHa modesnb adanmueHo20 riaHupo8aHust
noaucmuyeckoli  odOep)KU 8 YCrosuUsIX 02paHUYeHHbIX PECYPCHbIX
803MOXXHOCMEU /102UCMUYECKOU CUCMEMBI.

Bbigod: [llpednoxeHHass modenb Moxem bbimb  3¢bgbeKmuUHO
rpumMeHeHa u 8 Opyaux cehepax pacripederieHusi pecypcos.

Knrouesbie  crnosa: nnaHUpoBaHUe — slI02UCMUKU,  Mpuopumesayusi
3arpocos, copmupoekKa, npeobpasosaHue paHa08 geca, pacrpederneHue
pecypcos.

MOOEN MITAHNPAHA NOTMCTUYKE NMOOPLWKE Y YCNOBUMA
OrPAHNYEHMX PECYPCA

Hukona b. Cumuh?, Mapjax A. MuneHkos?,
Bnadumup P. Munosaxosuh?, Brada C. Cokonosuh?, ayTop 3a Npenucky,
Masen J. dontuH®, Banax J. Takwac?

@ YuuBep3auTeT oabpaHe y beorpany, BojHa akagemuja, Kategpa noructuke,
Beorpag, Penybnuka Cpbuja

6 YHuBepauteT onbpaHe y BpHy, ®akynTeT 3a BOjHO pyKOBOACTBO,
Opcek 3a noructuky, bpHo, Yewka Penybnuka

® YHnBep3uTeT 3a jaBHe cnyx0be, PakynTeT BojHMX Hayka u 0byky ocumumpa,
Opcek 3a cHabaeBare, hyHaHcuje u BojHu caobpahaj,
byanmnewTa, Mahapcka

OBNACT: nornctuka, MHXUHepCKkU MeHaLIMEHT, MHGOPMaLMOHe TEXHOMNOornje
BPCTA YJIAHKA: opurnHanHun HayyHu pag
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Caxemak:

Y80d: Y pady je npedcmasrbeH moden nnaHupara Jso2ucmuyke
rnodpuwike y ycrioguma ogpaHudeHuUx 102UCmuYKUX pecypca Ha OCHO8Yy
npuopumus3sayuje 3axmeea Kynaua u anokayuje pecypca. [JoHocuoyu
00rnyka umajy Kiby4yHy yrno2y y ecbukacHOj U MpasuyHoj arokauuju
pecypca jep Oajy npuopumem pasauqumumM 3axmesuma KOPUCHUKaA.

Memode: TexHuke npuopumu3ayuje 3axmeea Koje Kopucme
HOMUHarnHy ckany, opOuHanHy ckarny u ckajiy oOHoca, Kao u nem
mMemoda 3a npemeapare paHza Yy mMexXuHcKe KoegpuyujeHme,
npumereHe cy Kako 6u ce o0peduo cmeneH 3HavYaja 3axmeea
KopucHuka. 3a ymephusare peflamusHux rpuopumema KopuwheH je
Memod mpujaxe 3axmesa, 00K je Xeypucmuyku aneopumam 3a
olOpehusawe medujaHe KemeHuja kopuwheH 3a KoHconudauyujy
uHOugudyanHO paHaupaHux 3axmeea 'y 2pynHu paHea. Padu
banaHcuparba cyrnpomcmasibeHUxX 3axmeea KOpucHuKa, KopuwheHe
Cy Mepe KOHCeH3yca epynHoz o0ny4yusara. 3a  Oobujar-e
onmumarsiHoe Mf1aHCKo2 pewierba J1oeucmuydke nodpuwKe MpuMereHe
cy memode u mexHuke pacriodesnie pecypca.

Pesynmamu: PasseujeH je mMmoden 3a adanmueHO MaHupaHe
foeucmuyke nodpwke 'y ycrosuMma — OgpaHU4YeHUX PecypCHUX
Kanayumema Jfio2ucmu4Koe cucmema.

Bakrbyyak: [pednoxeHu mModesl Moxe ce eghukacHO MPUMEHUMU U y
Opyaum obrnacmuma asokauuje pecypca.

KrbyyHe peuyu: nnaHupare si02ucmuke, npuopumusayuja 3axmesa,
mpujaxa, npemeapare paHaa y rnoHoepe, asnokauyuja pecypca.
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Abstract:

Introduction/purpose: A static absorber is capable of neutralizing any
signal either in the physical or virtual domain and its analysis will be
presented in this paper.

Methods: The approach used here includes purely scientific thoughts as
well as a model with its explanations evaluated step by step applying
highly sophisticated computer tools for design and simulation. No
empirical results will be attached, only claims with their evidence.

Results: The crucial outcome of this research is a completely new
approach to binary systems that are now observed as a set of real
numbers.

Conclusion: The purpose of this research is to introduce something brand-
new that can be used in cyber industry while a dynamic variation of the
absorber is still under development.

Key words: cyber defense, intelligence, static absorber, signal ban,
hacking, singularity, mathematical modelling.

Introduction

The first applications of binary algebra started several decades ago.
The entire mathematical concept is based on the set theory which deals
with two basic elements: 0 and 1. Engineers of the 20" century
discovered semiconductor technology that represents 0 and 1 as the
definite voltage values: 0 V and 5 V. In such a way, that paradigm has
gotten its physical sense as in digital electronics where it deals with real
electricity fields. The idea of the given mathematical model is quite
simple and it relies on the fundamental and proven theorems of binary
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logics. This paper demonstrates a complete set of mathematical models,
digital circuits, and truth tables as well as proofs that serve to illustrate a
digital logic scheme being capable of neutralizing any signal or a set of
signals coming to its input. In other words, whatever is given at the input
will be made into 0 at its output. This is feasible as any signal being
ANDed with its inverted variation is equal to 0. Apparently, such a model
can be assumed as a singularity in the voltage field and some testing
graphs in such a context will be described. Also, this paper will introduce
a completely new approach to binary algebra offering a chance to
analyze such an energy area in a set of real numbers. In the essence,
this modelling can serve in software and hardware production as there
have been a lot of benefits from a static absorber that can be applied in
cyber industry. Indeed, there have been a lot of pluses and minuses of
such a solution and this article will address how to use its advantages
and, consequently, avoid some drawbacks. (Djekic, 2020b), (Djekic,
2021e), (Djekic, 2021d)

In general, technology has always been a responsibility of the one
who applies it and for such a reason it is important to appeal to everyone
being in possession of something powerful to deal with it with
selflessness, not selfishness.

It has been quite easy to pass by things without noticing anything.
Once mankind has had an eye for details, it will progress much faster
than ever. The nature is full of wonders that wait for humans to pay
attention to them. Apparently, that is how the biggest discoveries in
science were made. Next, there has been a question how well the
current natural phenomena were explained and understood. For
instance, it is well known that an original signal with its inversion at the
input of the AND logic gate always gives 0 at the output. Boolean algebra
can mathematically prove such a theorem and, indeed, digital electronics
can provide these circuits to work accurately. Indeed, it has been
necessary to sort things out intelligently in order to get their maximum
performance. In other words, it is like testing the mathematical and
logical 1Q by attempting to fit the right shape object into the right opening.
Another good question about such a theory could be: Where will all that
energy go if anything at the input gives nothing at the output? It seems
something has been very strange with such a circuit as it behaves like a
singular point pulling everything inside. On the other hand, if that logic
configuration were to behave like a sink, it would need better
mathematical modelling to be better tackled. Also, there has been a
strong need for computer simulations as well as experimental
examinations in order to gain a deep insight into all scientific secrets.
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Humankind may not be at that degree of technological development at
present, but the ongoing tendency suggests that the modern world could
be on a good track to make a better use of current endeavors.

Next, there has been a sense of wonder how such a fundamental
Boolean rule could serve in cyber security. The majority of the present IT
security solutions are based on binary algebra. On the other hand, the
marketplace is literally overwhelmed with highly expensive, but not that
effective analytical tools. In other words, cyber defense analysts sitting in
their security operating centers (SOCs) can recognize if anyone has
been trying to make a breach and maintain connection with some
network’s device, but in order to protect their asset from such an attack
they need to terminate that signal manually. It is an appealing message,
is it not? In the 21% century, something is still needed to be done with
hands. How inconvenient?! Apparently, if it is feasible to recognize web’s
anomalies, it should be possible to terminate them automatically letting
only trusted devices exchange the information with a well-protected grid.
Indeed, there has been something which could absorb any signal and if
there were an opportunity to pass only untrusted connections through
that absorber, all unwanted behaviors would be banned in a sub-second
period of time. No more breaches, right? At this stage, it is about how to
prevent or probably reduce such a concern; however, if the right things
are put into right places, the best possible performances are expected.
(Djekic, 2017), (Beki¢, 2021)

In a similar way, hackers can get a brilliant idea creating a malware
that can neutralize the internet connectivity and put into quarantine any
infected object. In total, everything is still an idea which can become a
reality in the coming time.

The purpose of this idea is to improve the effectiveness of the
incident response turning active defense into the passive one or, in other
words - converting monitoring and incident responses into extremely
intelligent prevention. There has been a need to develop a computer
code very smartly so that it could differentiate trusted from untrusted
behaviors on the web. (Djekic, 2021a), (Djekic, 2021b), (Djekic, 2021c)

Maybe it is not that much about artificial intelligence as it has been
about allowing the communication through a well-developed algorithm
that can make a decision, not think for real. Also, there is a need for anti-
breach software, where the attacker leaves an IP address, but cannot
establish communication with a targeted device for being rejected any
time an attempt occurs. In other words, it is a sort of communication
filtering and quite good protection due to which cyber warfare could be
history if appropriately applied. The entire concept can be imagined as
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the informatics body armor of cyber warriors that cannot be wounded or
killed on their positions once they apply such a shield. The model is
called static since it uses only logic gates without returning branches that
could consist of some memory elements.

Mathematical models using binary algebra

The set theory is a well-developed and researched area of
mathematics which has many applications in everyday life. On the other
hand, there is binary algebra that deals with only two unique elements, 0
and 1. Such a field of science has found many usages in electronics,
especially digital, as the entire modern computer science applies the
results of these explorations. In this research, it has been investigated
how it is possible to do modelling of logic circuits without any dynamics
applied to them in order to analyze and simulate their behavior excluding
real experimental conditions and laboratory testing. Also, no coding has
been done in this research as it presents an idea how to develop a code
so far as mathematical modelling can contribute in making both hardware
and software.

A basic static absorber can be obtained if original and inverted
signals are settled at the input of the AND logic gate. The mathematical
description is given in equation (1) as follows:

B=A-A Q)
where:

A -is an input to the AND logic gate which is in affirmation;

A -is an input to the AND logic gate which is in negation; and
B - is an output of the AND logic gate with two inputs so far.

In other words, any combination at the input will give 0 at the output

causing the signal to just disappear. This is given in equation (2) as
follows:

A-A=0 (2)
where:

A -is an input to the AND logic gate which is in affirmation and

A -is an input to the AND logic gate which is in negation.
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This can be examined in the truth table that is given in Table 1 as
follows:

Table 1 — Truth table of the initial static absorber
Tabnuua 1 — Tabnuya ucmuHHOCMU UCXO0OHO20 cmamu4eckozo abcopbepa
Tabena 1 — MicmuHumocHa mabena uHuyujasiHoe cmamudkoe aricopbepa

A

B
0 0
1 0

Next, an illustration of the basic static absorber digital circuit will be
provided. The illustration is made in Logic Circuit Designer software that
can offer quite a reliable simulation option. Figure 1 is given as follows.

=D —@

Figure 1 — Basic static absorber circuit
Puc. 1 - basoeasi cxema cmamuyeckoeo abcopbepa
Cnuka 1 — OcHogHO Kolo cmamuykoe arnicopbepa

The illustration represents the AND logic gate with 2 inputs which
are, in this case, the original signal and its inverted version. If equations
(1) and (2) are taken into consideration with their truth table (given in
Table 1), it is quite obvious that the results of the simulation will be
identical to the given mathematical description. In this case, such a
model has gotten its proof and it is highly recommended that software
developers make an attempt to create a program that can work as given
through this modelling. Also, it is obvious that any entry at the input of
this circuit will absorb the signal and give 0 as its output. Further, it will be
explained why such a sort of mathematical models could be considered
as a singularity as it literally neutralizes any electricity coming in. In other
words, it can be discussed that everything given in equations (1) and (2)
as well as in their truth table and logic diagram will be like a sink to
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anything at the input. The recommendation is to go deeper into the
analysis of electronic circuits in order to completely understand such
semiconductor technology as well as the behavior of the applied
electronic elements. Digital electronics is a field with so many areas to
investigate and at this stage there has been insufficient awareness about
the opportunity that such a branch of science and technology can offer so
far.

This paper will demonstrate how a slightly complicated model of the
static absorber can be developed. In such a case, through simple
mathematics and proof using truth tables and logic simulations, it will be
shown how this model can find its applications in practice. From this
standpoint, it is possible to begin with a mathematical model that relies
on Boolean algebra and combines the AND, OR and NOT logic
functions. The description of the model is given in equation (3) as follows:

cz(A-Z)+(B-§) 3)
where:

A -is an input to the AND logic gate which is in affirmation;

A -is an input to the AND logic gate which is in negation;
- is an input to the AND logic gate which is in affirmation;

- is an input to the AND logic gate which is in negation; and
C - is an output of the OR logic gate that always gives nothing for a
result as its inputs are always 0.

B
B

As given in equations (1) and (2), something AND its inversion are
always equal to nothing; so, if everything is submitted into equation (3), it
will be continued with equation (4) as follows:

C=0+0=0 4

where:

C - is an output of the OR logic gate that always gives nothing for a
result as its inputs are always 0.

In practice, the OR logic gate gives nothing only if all its inputs do
not have a signal as their incoming value. Such modelling can serve in
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designing much complicated logic circuitries. Apparently, the real clues to
this modelling can be obtained via equation (3) the truth table of which is
given in Table 2 as follows:

Table 2 — Truth table of the complex static neutralizer
Tabnuya 2 — Tabnuya UCMUHHOCMU KOMITIIEKCHOZ0 CMmamu4ecKoeo Helimpanu3amopa
Tabena 2 — VicmuHumocHa mebenia KOMIIEKCHO2 Cmamuy4ko2 Heymparsu3amopa

i l==1p>
ROk |lOo|m
o|lo|lo|o|O

The truth table given above is the evidence of the well-developed
mathematical model whose logic circuit is given in Figure 2 as follows:

Figure 2 — Logic diagram of a complicated static absorber
Puc. 2 — Jloau4eckasi cxema CrioxkHo20 cmamuyeckoeo abcopbepa
Cnuka 2 — Jloeuyku Qujazpam KOMMIUKosaHoe2 cmamuykoe aricopbepa

The static absorber is possible to be designed applying so simple
and fundamental logic functions available in both hardware and software
formats. The further research will try to handle a set of real numbers in
order to examine all possibilities of an energetic field as well as some
characteristics of semiconductor technology typical to silicon-based
solutions. It will also introduce a kind of mathematical transformations
from a set of binary numbers into a set of real numbers trying to invoke
the entire new area of mathematics that could find its applications in
future scientific research and explorations. In other words, it will be
necessary to thoroughly understand the physical characteristics of digital
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technology since it can cope, as far as it is known at this stage, with the
singular points in some scalar or vector fields, suggesting maybe that
future investigations will need a better understanding of the field theory.
At this stage, it is feasible to offer some ideas and indeed, the entire
investigation can be so time-consuming and can need a great deal of
effort from the scientific community worldwide.

Examining functions in a set of real numbers

Boolean algebra is a part of the set theory that consists of two basic
elements: {0,1}. It seems the binary numbers deal with duality since

they can be described as a series of 0s and 1s. Quantum mechanics
suggests that the entire nature deals with duality and oscillates between
two basic states, matter and energy. At this stage, it is quite hasty to
make any sort of correlations as there is a need for more profound
research in both theoretical and empirical manner. The purpose of this
effort is to bring forward some brand-new ideas and try to find a link
between something already known. In this paper, it is discussed how to
design a static absorber which, from the perspective of the field theory,
could be regarded as a singularity in the energy field.

Indeed, equations (1) and (2) provide some fundamental steps into
such an investigation and, no matter what the inputs are, the output is
always nothing. In theory, the absorber could neutralize any power as if
some ways of signal conversion were applied. The recommendation is to
make as many experimental attempts as possible since their results will
help defense industry on its way to produce something that will truly work
in practice. As mentioned before, binary algebra deals with two basic
states like quantum physics, so in other words — maybe a Boolean
analysis can be used for future research and modelling in that area of
science.

The real impact of this article will be described under this chapter as
it is needed to introduce a completely new approach to binary logics as a
fragment of mathematics that needs to deal with some practical
applications as well as with a much deeper understanding of its
theoretical paradigms. Further, this chapter will introduce how the binary
functions can be presented in a set of real numbers making a
comparative analysis of the input and output energetic fields. Everything
will be illustrated in the 2-D and 3-D coordinate systems trying to
encourage prospective researchers to give their contributions. It will be
also explained how the previous mathematical models could be
transferred in a set of real numbers not giving any analytics of the
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transitional function that could project the elements of the binary logics
set into the set of real numbers. For such scientific research it may be
necessary to gather a multidisciplinary expert team who would work on
such a project for a longer period of time.

Indeed, it is well-known that if equations (1) and (2) are dealt with in
the binary set of numbers, such a correlation can give an equation in the
real set of numbers as follows:

B=A-(1-A) (5)

where:

A - is an input signal in affirmation that is multiplied with its
negation;
1- A - is an inverted input signal that is a negation of the input A

which is in the sense of Boolean algebra illustrated as A and
B - is an output signal that is a product of affirmation and negation
being brought at the inputs.

In any case, the output of equation (5) is 0 which can be described
with the truth table as follows:

Table 3 — Truth table of the static absorber
Tabnuua 3 — Tabnuuya ucmuHHocmMuU cmamu4yeckozao abcopbepa
Tabena 3 — icmuHumocHa mebenia cmamuykoe aricopbepa

1-A

A B
0 1 0
1 0 0

As illustrated in Table 3, for A, Bell A A B&{0,1}, it has been

feasible to prove that if the binary values have been taken for the inputs
and the output, the result will always be a neutralized function that can be
graphically represented in a set of real numbers [ via the graph made in
the 2-D and 2-D form using the 3D Grapher tool. These illustrations have
been provided in the figures as follows.
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Figure 3 — 2-D graph of equation (5)
Puc. 3 -2-/[] epacpuk ypasHeHus (5)
Cnuka 3 — 2-[] epachuka jeOHaquHe (5)

Figure 3 shows how equation (5) behaves in the 2-D coordinate
system indicating that it is about the square function if A, B e(—oo, +oo).

In other words, in such a case, it is possible to compare a correlation
between the input and output signals which can be voltage dealing first,
with the values 0 V and 5 V as well as the rest of taken variables.

The next illustration in the 3-D surrounding suggests how input and
output voltages are dependable on each other. The graphical
representation is given in Figure 4 as follows.

Figures 3 and 4 give a closer insight into how equation (5), being the
square function in a set of real numbers, behaves in the 2-D and 3-D
space. If singular dots behave like a sink in this case, it is quite clear they
can be analyzed as a curve as well as an entire surface in the 3-D
environment. As explained through this chapter, the AND logic function in
Boolean algebra can be represented as a product in a set of real
numbers.
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Figure 4 — 3-D drawing of the singularity surface
Puc. 4 — 3-[] pucyHoK cuHaynsipHol rnosepxHocmu
Cnuka 4 — 3-[ upmex cuHaynapHe rnospuwuHe

On the other hand, signals in affirmation and negation are given as
described in equation (5). 3D Grapher software deals with the X-Y-Z
coordinate system and in this case it is given that X=u, Y=v, and Z=u*(1-
u). De facto, the true correlation between the inputs and the output would
be X=u, Y=1-u, and Z=u*(1-u). That means only in such a case it is
possible to analyze the behavior of the inputs regarding the outputs.

At this stage, it is sufficient to demonstrate the feasible singularity
objects as practically there is only one input being either in affirmation or
negation and its unigue output deals as given above. The advice for
future research is to make an attempt to compare input and output
voltages in order to realize how they depend on each other and why such
an energetic field neutralizes anything getting close to it.

Further, it is significant to introduce the behavior of equations (3)

and (4) in a set of real numbers. Their mathematical model is provided in
equation (6) as follows:

C=A-(1-A)+B-(1-B) (6)

where:
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A - is an input which is multiplied with its negation being (1— A)in
which case these two inputs give some product as a result;

B - is an input which is multiplied with its negation being (1—B)in
which case these two inputs give some product as a result; and

C - is an output of the big function which is in this case a sum of the
variables mentioned above.

The truth table of equation (6) is illustrated in Table 4 as follows.

Table 4 — Proof of equation (6) in the truth table
Tabnuya 4 — [Jokazamenscmeo ypasHeHus (6) 8 mabnuye ucmuHHOCmMuU
Tabena 4 — [Joka3s jeGHa4uHe (6) y ucmuHumocHoj mabenu

= =1p>
ROk |lOo|m
o|lo|lo|o|O

Apparently, it is necessary to illustrate, using 3D Grapher, how
equation (6) deals in the 2-D and 3-D space leaving to other researchers
to examine the behavior of the input and output energetic fields. At this
level, it is enough to demonstrate such a behavior only in the sense of
the X-Y-Z coordinate system. The illustration in the 2-D form is given in
Figure 5 as follows.

In this case, the 3D Grapher mathematical model includes two
inputs and only one output whose correlations are given in Figures 5 and
6. The model is as follows X=u, Y=v, and Z=u*(1-u)+v*(1-v) which can be
assumed as a singular area seeking to be better investigated. In total,
some initial ideas are given through this effort and there is a huge task
for researchers, engineers, and scientists to develop more superior
findings for the entire defense industry.
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Figure 5 — 2-D behavior of equation (6)
Puc. 5 — 2-/[] nosedeHue ypasHeHus (6)
Cnuka 5 — 2-[] noHawar-e jeGHa4uHe (6)

On the other hand, the 3-D variation of equation (6) is given in

Figure 6 as follows.
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Figure 6 — 3-D graph of equation (6)
Puc. 6 — 3-[] epagpuk ypasHeHusi (6)
Cniuka 6 — 3-/] epachukoH jeOHa4quHe (6)
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Applications in cyber industry

As it is well known, one of the biggest applications of Boolean
algebra is within digital systems and their electronics. The overall
computer science and engineering area relies on that mathematical
landscape. One of the worst nightmares for any IT security professional
is a breach into some IT infrastructure as that can mean loss of data,
sabotage or espionage. Entire teams of cyber analysts have been
employed 24 hours a day, 7 days a week in order to discover and
terminate any attempt to break into protected networks and establish
communication between them and the hacker's workstation. (Djekic,
2021f), (Djekic, 2019), (Djekic, 2020a)

The point is, these professionals will need to manage their
surveillance capacities and disconnect manually any attempt of a breach.
This is called a good incident response. In other words, monitoring
software can recognize any anomalies in the cyberspace, but the incident
response is not very effective as it is needed to be done manually. The
idea of this research effort is to suggest that the effectiveness of the
incident response could be improved by simply passing untrusted traffic
through a static absorber and terminating it subsequently. The neutralizer
would in such a case reject anything being unwanted and the total
incident response could take only a few moments. The basic theory of
such a concept is given in this paper and if the idea passes some deeper
analyses it could find its place in practice. At this stage, it is sufficient to
be aware of such simple, but yet powerful abilities of binary numbers.

Conclusion

This paper discusses some possible capabilities of binary logics
suggesting that a static absorber already has some initial modelling,
while its dynamic version is still under development. The results given
here can trigger an entirely novel research stream when these ideas
become empirically verified. Finally, humankind has a skill to handle such
superior technology, but the message is to be responsible while doing so.
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Pesome:

Beederue/uens: B daHHOU cmampbe 6ydem rnipedcmaeneH aHaiu3
cmamu4yeckoeo abcopbepa, Komopnbll crocobeH Helmpanu3osamb
moboli  cuzHan Kak 8 (pusudeckol, maKk U 8 eupmyasnbHoU
710CKOCMSIX.

MemoOdbl: Ucnonb3dyembili 8 cmambe M1odxod ekrwvyaem & cebs
UCKITIOYUMEribHO Hay4Hble paccyxOeHusi, a makxe molefb Cc ee
0b6BsACHEHUSMU, KOmopble bblriu 8HUMamersibHO rpoaHanu3uposaHs! U
OUEHEeHbl C  [MOMOWbLK  BbICOKOPA38UMbLIX  8bIYUC/IUMESIbHbIX
UHCMpyMeHmos8  Onid  MpoekmuposaHusi U MOOesiupo8aHUsl.
Amnupuyeckue pe3ynbmamsbl K cmambe He fpusia2aromcs, a morsibKo
ymeepx0eHus ¢ ux 0oka3zamesibcmeamu.

Pesynbmamel: 3Ha4umbiM pe3yrnbmamom 0aHHO020 uccriedo8aHus
6/719emcsi  COBEPWEHHO HOB8bIU Mo0x00 K O80UYHbLIM CcuCmeMam,
Komopble 8 OaHHOM uccriedo8aHUU C€esi3aHbl CO MHOXECmeoM
OelicmeumeribHbIX Yucerl.

Bbigodbl:  Llens  O0aHHO20  uccrie@ogaHusi  3aknoYaemcss 8
npedcmasnieHuU CO8EePWEHHO HOBOU KOHUEenuyuu, Komopas Moxem
b6bimb  ucrnionb3ogaHa 8 KubepuHOycmpuu, 8 MmO 8pPeMs Kak
AuHamuyeckul eapuaHm abcopbepa ece ewe Haxodumcs 6 cmaduu
paspabomku.

Knoyesbie criosa: 8bicOKOmMexHosio2uyHas 6e3onacHocmb, 3HaHUS,
cmamud4eckuti 8600,066‘,0, OMKJIOHeHUe cuecHallo8, XaKepckKue amaku,
CUHZYyIIdApPpHOCMb, MamemMamu4ecKoe MoOenupoeaHue.

MOOEJTIOBAHKE CTATUYKOIT ATICOPBEPA

Munuua . hekuh
HesaBUCHK uctpaxusay, Cybotuua, Penybnuka Cpbuja

OBJNACT: 6uHapHa noruka, npumer-eHa maTeMaTtuka, MHpopMaTuka,
HaMeHCcKa MHAYCTpWja, payyHapCcTBO, eNeKTPOoHMKa
BPCTA YJTAHKA: npeTxogHO caoniwitexe

Caxemak:

Yeod/yure: Cmamudku ancopbep, Yuja aHanusza he 6umu nipukaszaHa y
osoMm pady, y cmarby je Oa Heymparnu3syje ceaku cueHar y ¢ousudkoj unu
8UPMYesIHOj pasHuU. .

Memodu: NpedcmasrbeHo je UCKIby4UBO Hay4YHO pasmMullrbarbe U Moder
ca objawrerUMa Koja Cy Maxrbugo eesarnyupaHa Kopuwherem
coghucmuyupaHux padyHapcKux arama 3a rnpojeKmosarse U cumynauujy.
Emnupujcku pesynmamu Hucy npunoxeHu, eeh camo mepOHe ca
HUX08UM OoKa3uma.
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Pesynmamu:. Haj3HaqajHuju pesynmam 0802 ucmpaxueara jecme
riomryHoO Hosu rpucmyn buHapHUM cucmeMuMa Koju cy oede rnose3aHu
ca cKyrnom pearsnHux bpojesa.

Sakrbyuak. Cepxa 0802 ucmpaxueara jecme 0a rpedcmaesu rMnomiyHo
HOBU KOHUENM Koju Moxe Oa ce Kopucmu y cajbep uHOycmpuju, 00K je
OuHamuyka eapujaHma aricopbepa jow yeek y ¢hasu pa3ssoja.

KrbyyHe — pedu:  eucokomexHomowka 6e3bedHocm,  casHama,
cmamuuku arncopbep, od6ujarbe cuzHasna, xakoeare, CUH2ynapHocm,
Mamemamuuyko Modesiogamse.
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Abstract:

Introduction/purpose: The running of the coupling constant in various
Quantum Field Theories and a possible behaviour of the beta function
are illustrated.

Methods: The Callan—Symanzik equation is used for the study of the
beta function evolution.

Results: Different behaviours of the coupling constant for high energies
are observed for different theories. The phenomenon of asymptotic free-
dom is of particular interest.

Conclusions: Quantum Electrodynamics (QED) and Quantum Chromo-
dinamics (QCD) coupling constants have completely different be-
haviours in the regime of high energies. While the first one diverges
for finite energies, the latter one tends to zero as energy increases. This
QCD phenomenon is called asymptotic freedom.

Key words: Quantum Electrodynamics, Quantum Chromodynamics,
Quantum Field Theory, renormalization group, beta function.

Fixed points

In (Fabiano, 2021) we have seen how a generic coupling constant be-
haves at different renormalisation scales. It should be remarked that this
result is valid also for different renormalisation schemes, not only for di-
mensional regularisation. In this sense the coupling constant is a func-

157

Fabiano, N., Beta functions in the Quantum Field Theory, pp.157—-168



https://orcid.org/0000-0003-1645-2071
https://doi.org/10.5937/vojtehg70-32131

Q VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2022, Vol. 70, Issue 1

tion depending on the energy scale u, and is often regarded to as running
coupling constant. Just for the sake of simplicity define the new variable
t = log i (the t variable could be also thought of as a “time” parameter).
With this position, the Callan—Symanzik equation (Callan, 1970; Symanzik,
1970) could be rewritten in a nicer form as:

dg
2 = 5l9). (1)

which is a differential equation governing the behaviour of the coupling con-
stant g upon the energy scale considered. As such it also needs some initial
conditions in order to be solved —a Cauchy problem. The points g for which

Blg) =0 (2)

are called fixed points (Symanzik, 1971), and once the coupling g reaches
one of these points, it does not evolve anymore. In Fig. (1) a possible
scenario for the 3 function is shown. The origin 0, the points ¢g; and g, are
fixed points. If for the initial scale ¢t = 0 the coupling constant g is at one of
these points, then it will remain there for any energy scale considered (or
“forever”, depending on the language one prefers).

There are different kinds of fixed points. Consider the point g; and its
neighbourhood. From the Figure, for 0 < g < ¢1, 5(g) > 0 then the coupling
constant increases with the scale because of eq. (2) (i.e. dg/dt > 0), mo-
ving towards ¢; for ¢ — +o00. On the contrary, in the interval g; < g < ¢» the
3 function is negative, so the coupling constant decreases and approaches
again g1 ast — +o0o. We conclude that g; is a stable fixed point, as g tends
to it from either side. It is called the ultraviolet stable fixed point - the term
“ultraviolet” is present because g — ¢1 as t — +oc.

On the other hand, for the points 0 and g it is clear that the inverse of
the previous argument holds true: the coupling ¢ “escapes” from them as
t — 400, and approaches them as energy decreases, for t — 0. Such
points are named the infrared stable fixed points.

Itis important to know that the fixed points of the 3 function are difficult to
calculate because they are usually determined by nonperturbative effects,
apart from the trivial zero at the origin, for g = 0.

Behaviour of g function

We shall consider some possible asymptotic behaviours of the g func-
tion for energy scale u — +o0o. The exact problem we consider is given
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Figure 1 — The Beta function with fixed points 0, g, and g». The arrows indicate

the direction of the flow of g with increasing scale .

Puc. 1 - bema-gyHKkuus ¢ chukcuposaHHbIMUu modkamu 0, g1 U go. Cmperku

yKasabigarom HaripasesieHue rnomoka g c yeejiudeHuem wWkKarsibl [

Cnuka 1 - bema ¢byHkyuja ca chukcHUM madkama 0, g1 U go. Cmpenuue nokasyjy

rpasay moka g ca rnoseharem ckare i

by
dg
Han = B(9)
g(,uo) = 4o,

whose formal solution is written as

Ydg _ (M)
w Bl B\ o)

Different behaviours of the  function are shown in Fig. 2.

3)

(4)

For such functions, the running coupling constant ¢ will, for different

cases:
(a) approach infinity for a finite value of g, with 5(g) > 0
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B

Figure 2 — Beta functions with different asymptotic behaviour
Puc. 2 — bema-gyHKUUU ¢ pa3nu4dHbiM acuMmomu4yecKumM rnoeedeHUem
Cnuka 2 — bema ¢byHKyuje ¢ pa3nuqumum acuMnmomcKUM rnoHawarem

(b) approach infinity as ¢ — +o0
(c) have a finite fixed pointin g1, 5(g1) =0
(d) approach —oc for increasing g, with 8(g) < 0

Case (a)

Suppose that 5(g) grows sufficiently rapidly in such a manner that the
integral of eq. (4) converges (for instance, any power of g larger than 1),

namely .
/ Blg) ~ e ©)

then it is clear that the scale . has a finite upper bound 1, corresponding
to the coupling g = +oo given by the relation

fitoo = 10 €XD (/;OO Bd({]q)) : (6)
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We have already encountered such behaviour, for the QED coupling
case as discussed in (Fabiano, 2021), where 3(g) = ¢3/1272 and p  iS
given by the Landau pole (Landau et al, 1954; Landau & Pomeranchuk,
1955) of eq. (40) in (Fabiano, 2021).

Another example is the scalar field theory with the interaction term
go*/4! given by the Lagrangian

1 2 m? 2 9 4
for which the s function is

2 3
Blo) = Ly - 2 Y

T 1672 3 (1672)2 +0(Y. ®)

The Lagrangian (7) is almost the same of the Higgs field in the Stan-
dard Model (Glashow, 1959; Salam & Ward, 1959; Weinberg, 1967). The
only difference, yet an essential one, is that in the latter case the scalar
field is coupled to fermion fields + via a term A\i)¢), so called Yukawa cou-
pling (Yukawa, 1935), where )\ is another coupling constant different from
g.

Using only the first term of eq. (8), we arrive at the expression

g=—F= : ©)

which has the same form of eq. (39) in (Fabiano, 2021) as anticipated; it
has also a pole for y = g exp(1672/(3go))-

Case (b)

The integral of eq. (5) diverges. It means that the coupling constant ¢
becomes infinite only at an infinite energy scale, ;. = +oo. For instance,
assume that 3(g) = ag®, with a > 0 and & < 1 but k # —1 - then one
obtains for eq. (3) the solution

1/(1-k)
g= [93’“ +a(1 — k) log (“)] . (10)
Ho

The growth of g in i is very slow, but in the very high energy limit the
coupling becomes independent from the initial condition g.
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Case (c)

We encounter a fixed point like previously discussed in the section Fixed
points for the ultraviolet fixed point g1, that is 3(¢g1) = 0. The j function
stays positive for 0 < g < ¢1 and turns negative afterwards. Either if the
initial condition g is such that gy < g1 or g9 > g1 the coupling constant g
will evolve towards the fixed point, ¢ — ¢1 as yu — +oc.

Assuming that the root of 3 in g; is simple, then

B(g) = a(g1 — g) for g — g1 (11)

with a > 0. The solution to eq. (3) is then
g—g~pt (12)

with the assumption that gg < ¢, g0 < g1 and g < g¢1.

It is worth noticing that we have already discussed a case in which, ap-
parently, an ultraviolet fixed point is obtained. The ¢* scalar theory presents
such a point. From eq. (8) one computes the fixed point ¢; as

g1 =87%, (13)

which, however, has a huge value of g; = 80 thus spoiling the perturbation
theory as ¢ > 1. As the § functions that have been encountered so far
have been computed using only the perturbation theory, it is clear that the
result obtained above is invalid. The discussion regarding eq. (8) proves
the statement of the section Fixed points, for which a fixed point could be
basically only computed by means of nonperturbative techniques.

Case (d)

So far, all 3 functions discussed were positive at least for small positive
g, so the renormalisation group flow drives away ¢(u) from the origin g = 0.
Now suppose that 5(g) < 0 for small positive g, like

B(g) = —ag", (14)

where ¢ > 0, n > 1 and an integer. The solution to eq. (3) is then written
as

= 90 |
9 {1 +g5" ' (n—1)alog (H] 1/(n=1) (15)
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A dramatic difference between this and the previous cases is that, for
large energy scales, the coupling constant vanishes, i.e.

g=0foru — +co . (16)

This phenomenon is called asymptotic freedom (Gross & Wilczek, 1973;
Politzer, 1973). With growing energy, the theory has a weaker coupling
constant, approximating a free theory, i.e. one without interactions. So at
larger energy scales, the perturbation theory gives better results. Remem-
ber actually that corrections C of any kind (propagator, coupling, etc.) are
computed as series of powers of g,

C = chg” (17)

and this formal series is supposed to converge for small g.
A toy model that exhibits asymptotic freedom could be obtained from
the Lagrangian (7) with a negative potential’ —g¢?/4!. Its § function has

the form
3 o

B(g) = —@9

(18)

for which

~1
g= [ 5 log <,u>] for 4 — 400 . (19)
1672 140

i.e. g goes to zero at logarithmic speed.

A very important class of theories that have the property of asymptotic
freedom is the Yang—Mills theory (Yang & Mills, 1954), with the gauge group
SU(N). Of particular relevance is one of them, quantum chromodynamics
— QCD - that is the theory of strong interactions embedded in the Standard
Model, whose gauge group is SU(3).

The QCD Lagrangian is written as

s 1 a v
L= ¢j [Z(Vupﬂ)jk - m(s]k’] wk - ZGlLVGg (20)

where v;(z) is the j—th quark field, indexed by j, k; Af, are the gluon fields,
a =1...8. v* are the usual Dirac matrices, the covariant derivative is given

1We neglect the fact that this theory is ill-defined and that the perturbation theory cannot be applied.
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by D, = 9, —igA;T*. Gy, is the gluon field strength tensor, similar to the
F,,, electromagnetic tensor, defined by

G4, = 0, AL — 0,A% + g f**° Ab A (21)

where e are the structure constants of SU(3), [T%, T] = i f*cT*, with T
being generators of the group.

For a generic SU(N) the Yang—Mills theory coupled to fermions the g
function at one—loop level is given by

3

0) = L5 (135 - 32 ) +0). 22)

and for the QCD case Cy = ny/2,

3
== - — 2
80 =5 (5 - 3 ) + o). 3)
where n is the number of quark flavours with masses much lower than the
energy scale considered u, which can be considered massless.

Defining the QCD strong coupling constant s = g2 /472 in an analogous
fashion to QED, where o = ¢?/4w, we obtain from eq. (49) in (Fabiano,

2021)
127

33 —2ny)log(u/A)

which exhibits asymptotic freedom as far as the number of quark flavours is
ny < 17. Another property due to the presence of (approximately) massless
particles is that a dimensionless coupling g, is exchanged for a dimension-
ful parameter A, which is an integration constant with dimensions of energy.
This phenomenon is referred to as dimensional transmutation (Coleman &
Weinberg, 1973; Weinberg, 1973). The $ function eq. (24) is known today
to four—loop order O (o), with three and four—loop coefficients being renor-
malisation scheme dependent. The measured value of a strong coupling
constant at the Z peak is

() = | (24)

as(mz) = 0.1197 £ 0.0016 (25)

while the corresponding value of A is about 0.2 GeV.
A few remarks are in order. In the 1950s, Landau argued that in QED
the increasing powers of logarithmic terms, that we already encountered at
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one—loop level in (Fabiano, 2021), of the form log(E /M), would coalesce
and give raise to singularities for finite values of the energy E. This is the
(a) case, with the Landau poles, also known as the Landau ghosts or the
Moscow zero (because ey /e(n) = 0), discovered by himself (Landau et al,
1954; Landau & Pomeranchuk, 1955). This argument does not rule out the
cases (b) or (c), though. This possible inconsistency in the renormalisation
procedure has not yet been proved but it is believed to actually exist.

Today, there is a broad agreement on the fact that the interacting field
theories like QED or scalar ¢* we have discussed (which are not asympto-
tically free) are not mathematically consistent. About QED, there is some
evidence against the case (c) with a finite fixed point that would be only
possible in the presence of yet unknown nonperturbative effects. However,
even if (c) is ruled out, there still remains the possibility (b) with a fixed point
at infinity.

There is an electromagnetic analogy for different behaviours of QED
and QCD couplings. In QED, the charge is stronger at shorter distances,
i.e. is the vacuum acts like a dielectric medium with a dielectric constant

e>1, (26)

shielding the charge. Remembering the relation of the relative magnetic
permeability . to the dielectric constant to the speed of light, which in our
units is 1,

ep=1, (27)

we have a duality relation. The QED case corresponds to x < 1, also
known as Landau diamagnetism, where charged particles in the medium in
response to an external magnetic field generate an opposed magnetic field,
a phenomenon seen in superconductors, water, copper, and gold. In QCD,
the opposite behaviour is observed: the chromoelectric charge is weaker at
shorter distances, so its vacuum is anti screening, with a dielectric constant

e<1. (28)

The equivalent magnetic permeability is 4 > 1, known as Pauli para-
magnetism, where the particles tend to align with the external field, as in
tungsten, aluminium, or lithium. It has to be stressed that the electromag-
netic terminology used for QCD is just an analogy to the QED case: by “the
charge” we mean the colour charge, by “the magnetic moment” the colour
magnetic moment.
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BETA-®YHKLIN B KBAHTOBOW TEOPUM NONA

Hukona ®abunaHo

benrpaackuin yunsepcuteT, UHCTUTYT SAepHbIX uccnegoBaHmm
«BuH4ya» — MIHCTUTYT rocygapcTBeHHOro 3HaveHns ansa Pecnybnvkn
Cepbus, r. benrpaa, Pecny6bnuka Cepbus

PYBPUKA TPHTWU: 29.05.03 MatemaTtudeckue mMeToabl
TEopeTN4eCKon PU3NKK,
29.05.23 PenAaTmBMCTCKas KBaHTOBas Teopus.
KeaHTOBas Teopus nonsi
29.05.33 3nekTpomarHMTHOE B3auMOOENCTBUE
B[O CTATbW: ob3opHasi ctaTtbs

Pesrome:

BsedeHue / yenb: B 0aHHOU cmambe rnpedcmasriieHo, Kak pa-
6omaem KOHCmMaHma ces13U 8 paafiu4yHbIX K8AHMOBbLIX MEOPUSIX
1o U 803MOXHbIe Modenu rnogedeHusi bema-gyHKyUU.

Memoodsi: YpasHeHue KannaHa—CumaH3uka ucrornb3yemcs 0ns
usydeHus sgonroyuu bema-gpyHKUUU.

Pesynbmamei: HabritoGaemcs pasnu4yHoe nogedeHue KOHcmaH-
mbl C8513U MPU BbICOKUX 3HEPausiX 8 Pas/fluYyHbIX MeopUsiX.
Ocobebil uHmMepec npedcmaesrnsiem sierieHuUe acuMnmomu4eckol
€80600hI.

Bbieodbi: KoHcmaHmbl cesi3u K8aHmMoe8oU 351eKmpoduHamMuKu
(K34) u keaHmosou xpomoduHamuku (KX/]) eedym cebsi cosep-
WEHHO M0-pa3HOMY 8 peXxume 8bICOKUX 3Hepeull. [lepsas om-
JNiudaemcs KOHeYHoU 3Hepauel, 8 MO 8peMsi Kak emopasi cmpe-
mumcs K Hymwo, ko2da aHepaus yeenudueaemcs. [JaHHoe siene-
Hue KX/[] Ha3blieaemcsi acumnmomu4ecKkoli ceob000d.

Kntouesbie criosa: keaHmosasi arekmpoduHaMuKka, KeaHmoeasi
XpomModuHaMuKa, KeaHmoeasi meopusi rosisi, peHopMmanu3ayu-
OHHas epyrnna, bema-gyHKYUS.

BETA ®YHKUWJE Y KBAHTHOJ TEOPUNJN NOJbA

Hukona ®abnaHo

YHusepauTteT y beorpagy, MHCTUTYT 3a HykneapHe Hayke "BuHuya’-
MHCTUTYT of HaumoHanHor 3Havaja 3a Peny6nuky Cpouijy,
Beorpag, Penybnuka Cpbuja
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OBJIACT: maTtematuka
BPCTA YJTAHKA: npernegHu pag

Caxemak:

Y800/ uurb: inycmpoeaHu cy pad KOHCmaHme cripeae y pasHum
KeaHMHUM meopujama rnosba kao u mozyhe noHawame 6ema

pyHKUUje.

Memode: KanaH-LllumaH3ukosa jedHaduHa Kopucmu ce 3a rpo-
y4aear-e egornyyuje 6ema ¢byHkyuje.

Pesynmamu: lNpumeheHo je pa3nu4umo rioHaware KOHCmaH-
me cripeae 3a 8UCOKe eHepauje 3a pasrudyume meopuje. OO0 rno-
cebHo2 UHmMepeca je cheHoMeH acumnmomcke criobode.

Bakrpyyak: KoHcmaHme cripezce K8aHMHe enekmpoOuHamuKe
(QED) u keaHmHe xpomoduHamuke (QCD) umajy nommyHo pa
3/1UHUMO MOHalWaHEe Y PEXUMY 8UCOKUX eHepauja. [Jok ce npea
pasunasu 3a KoHa4He eHepeauje, Opyaa mexu HyJsiu Kako ce eHep-
auja nosehasa. Osaj peHomeH QCD Hasuea ce acumnmomcka
cr060da.

KrbyyHe peyu: kgaHmMHa eriekmpoduHaMuKa, KeaHmHa XpoMo-
OuHaMuKa, KeaHmMHa meopuja nosba, peHopmanau3ayuoHa epy-
na, bema ¢yHKuuja.
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Abstract:

Introduction/purpose: To specify the practical application of ECMA-
355 and ECMA-336 Standards for Q-SIG tunneling and the
implementation of mapping functions via the existing IP (Internet
Protocol) network of the Serbian Armed Forces (Intranet SAF), in
the Private Automatic Telephone Network SAF (PATN SAF), as
the main part of the Private telecommunication-information
networks of integrated services SAF (PISN SAF).

Methods: Description of the implemented solution and analysis of
the software parameters of the established transmission SIP route,
with the display of the results obtained in the fight with jitter and
echo in the network.

Results: With such a solution, it was achieved that participants from
the peripheral parts of the PISN SAF, which operate on the
principle of transmission and circuit switching by TDM (Time
Division Multiplexing), can connect with each other via the newly
established central IP network SAF (Core network) which operates
on the principle of transmission and switching packets with the SIP
(Session Initiation Protocol), without losing the functionality of Q-
SIG from the framework of the digital telecommunication network of
integrated services ISDN (Integrated Services Digital Network).
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Conclusion: The article deals with the modern IP PINX (Private
Integrated Services Network Exchange) manufactured by Mitel,
type MX-ONE Service Node 6.0, which is implemented at the
transit level PATN SAF and which successfully implements the
process of tunneling Q-SIG through the IP network and the
necessary functions for mapping the transmission of tunneled Q-
SIG messages and mapping voice (and other audio) information to
VoIP (Voice over IP) communication media streams through that
network. Also, the basic elements for its software preparation
during the introduction of a new SIP route, with a capacity of 30 IP
trunks in a transmission beam realized with 100 Mb/s-T Ethernet,
are given, and the fight with the present jitter and echo in the
network is described. Finally, the paper presents the experience-
based values of the parameters for reducing the influence of jitter
and suppressing echo.

Key words: PATN SAF, Q-SIG, PISN, IP PINX, MX-ONE, media
gateway, media server, tunneling Q-SIG, encapsulation,
mapping functions, jitter, echo.

Introduction

The Serbian Armed Forces (SAF) is a specific organization that has
its own, modern, functional telecommunications information system
(FTIS), for sufficiently fast and quality processing and transmission of
accurate and protected information (spoken and non-spoken). In the
framework of transmission and switching of this information, the FTIS
offers a wide range of modern telecommunication customer services and
network services to users in the SAF. For their realization, The FTIS SAF
provides stable technical support, not only on TDM (Time Division
Multiplexing) but also on a modern IP (Internet Protocol) organized
platform.

The FTIS SAF is a functional, integrated telecommunication-
information platform, which, in addition to the fixed part, also contains a
mobile component of the system (McTIS), primarily intended for
communication on the ground and in combat conditions. Therefore -
while respecting the complexity of the organization, the achieved degree
of technical integration and geographical distribution - the FTIS SAF
coincides with the performances, determinants and standards of a large
modern CTN (Corporate Telecommunications Network). (Svrzi¢, 2019;
Svrzi¢ et al, 2021)
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About 15 years ago, in an important part of the FTIS SAF, i.e. in the
Private Automatic Telephone Network SAF (PATN SAF), a network
signaling system type Q-SIG (Q-Signalling), oriented to work on CCS
(Common Channel Signaling), was put into operation, being specially
designed and globally standardized for use in CTN (InterConnect
Communication, 1995). Its application, in the PATN SAF, first provided
the possibility for ISDN (Integrated Services Digital Network)
interoperability between participating Digital Automatic Telephone
eXchanges-DATX of different manufacturers. Later, this interoperability
was provided between these DATX and the switching centers within the
McTIS, as well as the switching center of the Digital Mobile Radio
Network TETRA (Terestrial Trunking Radio) (Svrzi¢ & Jovanovski,
2021a; Svrzi¢ et al, 2021b). Also, interoperability with PINX (Private
Integrated Services Network eXchange) was provided from PTNs
(Private Telecommunication Networks) of other armies or military
alliances, with which the interconnection of the FTIS SAF is planned. In
the end, of course, that interoperability is provided with the switching
nodes of public mobile telephony operators in Serbia. (Svrzi¢, 2019;
Svrzi¢ et al, 2021)

In this way, high integration has been achieved in the PATN SAF to
date, both in terms of complete independence from various ISDN DATX
manufacturers and in terms of achieving the planned scope of
implementation of basic and additional customer services and network
services (specified by the whole family of individual Q-SIG standards),
which have become available to PATN SAF users, regardless of which
network switching node they are connected to. However, the integrated
FTIS SAF today, in addition to the TDM PISN (Private Integrated
Services Network), also contains the Intranet SAF. The network layer
protocol, in that IP network, is defined according to IETF RFC 760 and
IETF RFC 791J Recommendations, while on the application layer the
network is based on the SIP (Session Initiation Protocol), which is
defined according to IETF Recommendations RFC 3261J and IETF RFC
3311. Such heterogeneous situation (existence of TDM and IP)
immediately raised the question of the further application of Q-SIG in the
PATN SAF, as a large part of the FTIS SAF, in terms of efficiency,
economy and comprehensiveness of customer services and network
services, not only on its homogeneous ISDN parts but also on parts with
transport IP / SIP networks (proprietary IP networks within the Intranet).
Also, it raised the question of the possibility of extending the service life
of the existing switching equipment (PINX) during the time when the IP
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platform will be the dominant medium for signal transmission between
them.

For these reasons, in the last few years, a certain number of node
and transit DATXs have been completely replaced or modernized in the
PATN SAF, which have (of course) become interoperable with the
aforementioned proprietary newly built IP network (Intranet SAF). The
Intranet SAF offers a packet mode of switching and transmission of all
services (without connection) that are based on Internet Protocol, as the
mentioned network layer protocol. The newly introduced, modern digital
switching systems of Western origin are the so-called IP PINX, which are
specially designed to work in the PISN and, using an integrated gateway,
enabled to work with both ISDN and IP / SIP environment. At the same
time, which is of crucial importance for their application in the PATN SAF,
they enable the continuation of the successful functioning of network
signaling of the Q-SIG type. Such IP PINXs today play the role of main
entities in the PISN SAF, which basically consist of a switching function
and a call management function. Of course, they successfully support the
networking and implementation of all additional services and ANFs
(Additional Network Features) with the application of Q-SIG, not only in
accordance with previous Standards: ECMA-142, ECMA-143, ECMA-165
and relevant individual Q-SIG standards from Annex D Reference:
“‘QSIG. The Handbook for Communications Managers” (InterConnect
Communication, 1995), (for the PINS part with TDM organized switching
and transport network), but also in accordance with new ECMA-355 and
ECMA-336 Standards (for the PINS part with IP organized switching and
transport network). (Ecma International, 2002; Ecma International, 2008;
Svrzi¢, 2019; Svrzi¢ et al, 2019a; Svrzi¢ et al, 2021; Svrzi¢ & Jovanovski,
2021a)

Role of ECMA-355 and ECMA-336 Standards in the
PATN SAF

Let us recall that ECMA-355 Standard specifies a procedure for
tunneling Q-SIG messages over the SIP, which is an application layer
protocol for establishing, terminating, and modifying multimedia sessions.
The SIP is usually transmitted over the IP, as a network layer protocol, so
in this case phone calls are considered a type of multimedia session in
which only audio signals are exchanged. Namely, in the real
telecommunication network scenario SAF, the application of ECMA-355
Standard solves the case where a Q-SIG call (or only signaling
independent of the call), which originates from the "A" user connected to
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PINX from some TDM part of the PISN, passes through the central works
with the IP network using the SIP, and ends with “B” of the user
connected to the PINX from another TDM part of the PISN (or another
PINX of the same TDM part of the PISN). It is very important to
emphasize that during such a way of connecting, they manage to
preserve all the possibilities of Q-SIG during the passage through the IP
network. The reason for this is that by applying the Q-SIG tunneling
procedure, its original messages are encapsulated within SIP requests
and SIP responses, which are exchanged in the context of the prescribed
SIP dialogue in the IP network. This then means that, by applying the
tunneling procedure for the transmission of signaling messages from the
Q-SIG, in the PATN SAF it is possible to call between PINX, i.e. "islands"
within the parts of the PISN with circuit switching that use Q-signaling,
and in the event that their interconnection (in one part) is realized by a
transport IP network (which uses the SIP), without losing Q-SIG
functionality. In such situations, PINX provides its participants with a
regular Q-SIG call, or a Q-SIG call by type with independent signaling, as
well as additional services and all ANFs, as the applied innovated ECMA-
355 Standard facilitates the introduction of improved SIP and SDP
functionality (Session Description Protocol, defined by IETF
Recommendation RFC 3264J). These improvements are of such a
nature that they include the possibility of applying encryption of useful
signals and mechanisms for more functional exchange of information
(offers and responses) within the SDP, which (among other things)
include mandatory renegotiation (i,e. negotiation and vice versa) during
the exchange of SDP offers/responses on the part of the connection path
with the IP network. (Ecma International, 2008; Svrzi¢, 2019; Svrzi¢ et al,
2021; Svrzi¢ & Jovanovski, 2021a)

In order to more precisely define the role of ECMA-355 Standard,
which addresses the issue of modernized use of Q-SIG in the
heterogeneous PATN SAF, it should be noted that it covers only the case
of this type of connection in which an individual dialogue between two
Gateways (edge IP PINX located at both ends of the transport IP
network) is used to make one regular Q-SIG call (or one call-independent
signaling connection), basically as defined in ECMA-165. This specifically
means that ECMA-355 Standard in the PATN SAF applies only to
situations where, on a part of the transport IP network, the SIP dialogue
is initiated at the beginning of a regular Q-SIG call (or call-independent
signaling) and deleted upon their completion (or interruption). An
improved scenario, according to which one SIP dialogue would be
maintained in the long run and used for tunneling messages of multiple
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Q-SIG calls, or multiple connections of independent signaling, with a
possibility to accept them at any time (including those calls that are just
generated), is not supported in the specifications of the said ECMA
standard, so it could not be applied within the PATN SAF. (Ecma
International, 2008; Svrzi¢, 2019; Svrzi¢ et al, 2019a; Svrzic et al, 2021)

The implementation of the mapping functions in the IP switching
systems PISN, which are necessary for the use of network intervention
scenarios, in the PATN SAF is achieved using ECMA-336 Standard,
which is a pragmatic and broad-based consensus for regulating this area
of work in the PISN. In fact, this standard specifies functions for using a
packet network from an IP framework, as a network layer protocol. In this
regard, ECMA-336 Standard specifies how to use the TCP (Transport
Control Protocol), as the transport layer protocol defined by IETF
Recommendation RFC 761, and the UDP (User Datagram Protocol),
Recommendation IETF RFC 768, and to interconnect the two IP PINXs
that make up the entities of heterogeneous PTNs (Private
Telecommunications Networks), composed of marginal PISNs and
central IP networks. The interconnection of the specified IP PINX,
connected by the transport IP network, is achieved by transmitting the
inter-PINX signaling protocol Q-SIG (as specified in ECMA-143, ECMA-
165 and other ECMA standards), directly via TCP, and by transmitting
inter-PINX user information (e.g. speech), via the RTP (Real-time
Transport Protocol), as defined by IETF RFC Recommendation 1889,
whereby the RTP is transmitted within the UDP.

According to ECMA-336 Standard, two types of inter-PINX
connection (IPC) of participating IP PINX are envisaged:

* “on demand”, where a separate TCP connection for Q-SIG is
established at the beginning of each call and deleted at the end of that
call; and

* “semi-permanent”, where one TCP connection with unlimited
duration transmits Q-SIG on behalf of multiple individual calls.

To comply with this standard, each IP PINX in the PATN SAF
constructively meets the reference configuration defined in ECMA-133
Standard and the requirements set out in the implementation of the
Implementation PICS (Conformance Statement Proforma), the text and
form of which are defined in the Annex A of ECMA-336 Standard. Their
switching and call management functions communicate logically, via the
Q point instance, on both connected IP PINXs. This communication is
known as an IPL (Inter-PINX link) and contains a signal channel, known
as a Do channel, and one or more channels for user information, each
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known as a Uq channel. One or more IPLs can be established in many
ways between the same pair of cooperating IP PINXs. Specifically, in the
PATN SAF, some realized IPLs use IP-based IVN (Intervening Network)
services. Each IP PINX is physically connected to the IVN at a reference
point “C”, and the IVN then provides connections, defined as Inter-PINX
connections between the reference points “C” of the end PINXs. This
then means that the mapping functions, within each of the IP PINX, map
the Dq channel and Uq channels at the reference point “Q” to one or
more IPCs, which are then held via the reference points “C”.

In the PATN SAF, where the IVN is IP-based, ECMA-336 Standard
is used to specify mapping functions to establish the following types of
IPC:

* For a TCP connection, used to transmit Q-SIG signaling messages
and RCI (Resource Control Information).

» To establish a pair of UDP streams, one stream in each direction,
to transmit user information (audio and others) over the RTP.

Connecting participating IP PINXs means that the IPL requires one
TCP connection, to support the Dqg channel, and one pair of UDP
streams, to support the Ug channels, and a TCP connection (in addition
to carrying the Q-SIG protocol) is also required to transmit information on
resource control (RCI), which are essential for establishing UDP flows.
(Ecma International, 2002; Svrzi¢, 2019; Svrzi¢ et al, 2019a; Svrzi¢ et al,
2021)

Description of the IP PINX manufacturer MITEL type
MX-ONE Service Node 6.0 from the PATN SAF

In the current PATN SAF, the main representative of the mentioned
IP PINX is Mitel's switching system of the type MX-ONE Service Node
6.0, which is by nature a SIP Soft Switch for SaaS applications
(Software-as-Service). In the PATN SAF, this type of IP PINX was
introduced for its modernization, as it provides users with all integrated IP
communications services (modern voice and video services and
functions), but also, through the integrated Media Gateway (MGW), very
successfully enables servicing inherited protocols, services and functions
from the framework of TDM and analog technology (Svrzi¢, 2019; Mitel
Sweden AB, 2018a).
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Components and architecture of the MiVoice MX-ONE
Service Node communication systems

Each MiVoice MX-ONE Service Node 6.0 switching system consists
of the following three main components:

* Telephony Server MX-ONE Service Node (formerly known as MX-
ONE Telephony Server), which has the task of taking care of signaling. It
is actually call management software, based on the Novell SUSE® Linux
Enterprise Server (SLES) version 11, with a 64-bit codeword
architecture. It can be installed on the private IP network itself (or in the
Esxi virtual environment on the cloud), as an instance of VMware Virtual
Machine, or it can be installed on a standard physical, Intel-based server
(i.e. any other server based on Intel technology).

» Software or hardware Media Server MX-ONE Media Server, with
DSP (Digital Signal Processor) resources for managing tone detection,
multiple conferencing and packet switching between different IP
endpoints, i.e. between different protocols and codecs (SIP and H.323
protocols; G.711 and G.729 codecs) in a homogeneous SIP
environment, when direct media connection is not possible, i.e. when
direct exchange of media streams between terminals is not performed. In
installations with the SIP environment only, the Media Server has a load
distribution/load balancing function and there is no need for dedicated
Media Gateway hardware. For such installations, the Media Server can
be located in the same Linux machine as the MX-ONE Service Node Call
Server, which reduces the user trace, but can also be located on a
separate server.

* Media Gateway, which is not a mandatory component, but must
exist as a supplement to the IP PINX variant in the PATN SAF. It is one
or more hardware units, additionally installed in the IP PINX
configuration, to provide everything that the Media Server does, but also
to provide users with services on physical participant and transmission
interfaces in TDM technology, and according to PINX, public networks
and auxiliary devices. The Media Gateway also includes DSP resources
for tone management, conferencing, packet switching to IP phones (SIP
and H.323) and for media conversion between different protocols. Any
combination of the Media Server and the Media Gateway (up to a
maximum of 15 Media Gateways) can be connected to the same Server
to call the MX-ONE Service Node.
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An overview of the manufacturer's (proprietary) system main
components, terminal devices, applications and parts of the IP PINX MX-
ONE Service Node 6.0 IP monitoring and management system, as well
as the systems and applications of other manufacturers that can be
included in this system, is shown in Figure 1. It should be immediately
pointed out (although part of it is not explicitly seen in the Figure) that the
IP PINX itself, in addition to the above basic components, also includes
hardware components for capacity building of various non-IP participants
(analog and digital), components no IP and no ISDN trunks and power
supply components. It also includes various terminal devices, which
include all types of Mitel's participating telephones (IP, digital, video,
mobile DECT, IP DECT, etc., up to analog), Legacy Terminals of earlier
generations-LT and intermediary apparatus-AC (Attendant Clients).

The necessary monitoring and management of this system is
realized by connecting an external Directory Server which is not a Mitel
product, and which then contains all the necessary dedicated,
managerial service software (software packages: Provisioning Manager,
Service Node Manager, Traffic Manager, etc.). To support the smooth
operation of the IP PINX itself and the monitoring and management
system, there are all the necessary software applications. Various 3rd
Party devices, systems and other applications (from other manufacturers)
can be connected to this IP PINX, such as VolP Recording, SMS Server,
Contact Center, Attendant, IPC, etc. (Mitel Sweden AB, 2018a)

For IP PINX, applied in the PATN SAF, Media Gateway LIMs (Line
Interface Modules) type MX-ONE Classic with an implemented MGU2
board are implemented and housed in 19 " LIM cabinets type LBP22. In
the basic variant (with one MGU2 board) Media Gateway LIM supports
up to 4 interfaces of the ISDN/PRA E1 or T1 type, analog and digital
extensions, mobile DECT extensions, IP extensions (with H.323 and SIP,
including IP DECT and WiFi), IP networking (with H.323 and SIP) as well
as Q-SIG networking.
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Figure 1 — Overview of the main and additional components, devices and applications of
the IP-oriented PINX type MX-ONE Service Node 6.0 (Mitel Sweden AB, 2018a)

Puc. 1— O630p 0CHOBHbIX U O0MOHUMESIbHBIX KOMITOHEHMOS, ycmpolicme u
npunoxeHull IP-cepsucHo-opueHmupogaHHo20 y3na PINX muna MX-ONE 6.0 (Mitel
Sweden AB, 2018a)

Cnuka 1 — lNpeaned enasHux u onyHCKUX KOMMIOHeHMU, ypehaja u annukayuja 1P
opujeHmucaHe PINX muna ,MX-ONE Service Node 6.0 ”(Mitel Sweden AB, 2018a)

The appearance of a built, modern IP PINX type MX-ONE Service
Node 6.0 on one of the telecommunication centers in the PATN SAF,
with the architecture of 2 Media Gateway LIMs in one cabinet, type MX-
ONE Classic (in the basic variant), is shown in Figure 2 (Svrzi¢, 2019).
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Figure 2 — Appearance of a modern, IP-oriented, transit PINX type MX-ONE Service
Node 6.0 at a telecommunications center in the Air Force (Svrzic, 2019)

Puc. 2 — N3obpaxeHue cospemeHHoe0, IP opueHmuposaHHo20, mpaH3umHoz20o PINX
murna MX-ONE Service Node 6.0 8 menekomMmyHUKayUOHHOM yeHmpe BoeHHo-
8030ywHbIx cun (Svrzié, 2019)

Cnuka 2 — U3aned caspemeHe, |P opujenmucaHe, mpaH3umHe PINX muna ,MX-ONE
Service Node 6.0 ”Ha jeOHOM menieKkoMyHUKayUOHOM ueHmpy y PamHom
sasdyxoriioecmey u rpomugsasdyxornnosHoj o06paru (PB u NBO) (Svrzi¢, 2019)
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Figure 3 shows the layout of a 7U cabinet of the Media Gateway
LIM, type MX-ONE Classic (with the MGU2 board), from the composition
of the MX-ONE Service Node 6.0 (Mitel Sweden AB, 2018a).
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Figure 3 — Appearance of the 7U cabinet of the Media Gateway LIM type MX-ONE
Classic (with the MGU2 board) from the composition of the MX-ONE Service Node 6.0 in
the PATN SAF (Mitel Sweden AB, 2018a)

Puc. 3 — UNsobpaxeHue wkagha 7U Media Gateway LIM-a muna “MX-ONE Classic (c
nnamot MGU2) u3z cocmasa cepsucHoz2o y3na MX-ONE 6.0 e PATN Boopy>XeHHbIx
Cunax Pecnybnuku Cepbus (Mitel Sweden AB, 2018a).

Cnuka 3 — Nszned 7U kabuHema Media Gateway LIM-a muna ,,MX-ONE Classic ”(ca
nnovyom MGU2) u3 cacmasa ,MX-ONE Service Node 6.0y lMTATnMp BC (Mitel Sweden
AB, 2018a)

Basic traffic characteristics and components of the IP PINX system
MX-ONE Service Node 6.0

180




Native support for IPv6 addressing

Regarding the MX-ONE 6.0 version, in addition to (earlier) IPv4, this
switching system also supports new IPv6 addressing. The MX-ONE
Service Node call server and Gateway components can operate as a
native IPv6 network, in accordance with IETF Recommendation RFC
2460 (Deering & Hinden, 1998). It is assumed that the HV platform and
OS software can work using IPv4/IPv6 "dual stack" interfaces for the IP
network. Alternatives are: IPv4/IPv6 “dual stack” or just IPv4. From a
signa