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JlucepTallMOHHUAT TPyA € OOChIEH M HacoueH 3a 3amuTta oT KaTeapeHus cbBeT Ha Kareapa
»2KomyHukaunonau Mpexu* keM @akynrer o TenexkomyHukauuu rnpu TexHU4ecKH YHUBEPCUTET
— Codus Ha penoBHO 3acenanue, nposeneHo Ha 03.06.2019 r. (mpotokost Ne 11).

JlaHHU 32 TUCePTALMOHHUS TPYA:

Bpoii crpanunu: 193
bpoii ¢purypu: 82
Bpoii Tabmumu: 12
Bbpoit MmaTemaTnyecku u3pasu: 80
Bbpoii nuTepaTypHu U3TOYHUILIN: 218
Bpoii mybnukanuu mo TemaTa Ha AUCEPTAIIMOHHUS TPY/I: 35

[TyOnuunara 3amurta Ha auceprauuonHus Tpya me ce cberon Ha 03.10.2019 or 13.00 uaca B
Kondepenrnara 3ana va BUL] Ha Texnaudecku yHuBepcuter — Codus Ha OTKPUTO 3ace/laHue Ha
HAYYHOTO XypH, ornpeaesneHo cbe 3amoBea Ne OXK-5.3-58/12.06.2019 r. na Pexropa na TY-Codus
B CBhCTaB:

npod. n-p umwk. Orasta BymOGapoB — npencenaren

nou. a-p umk. Kamenus HukosnoBa — HaydeH cekpeTap

npod. 1-p urx. Munena JlazapoBa — MurnieBa

1

2

3

4. npod. ntH uHx. Muxaun Wnues

5. mpod. atH unxk. Paitvo Unapuonos
6. mpod. ntH nrxK. bopucnas bemkes
7

nou. 1-p K. OrasH Perdon

Penensenrtu:
1. mpod. n-p urx. Munena JlazapoBa — Munesa
2. pou. n-p k. Kamenus Hukonosa

3. mpod. ntH nHx. Muxawn Uimes

Marepuanure mo 3aluTaTa ca Ha pa3loJIOKEHHE Ha HMHTEPECYBAIUTE Ce B KaHIEJIapusaTa Ha
@akynret no TenekomyHukaiuu, 6110k 1, ctast 1439-b u na UnTtepHer crpanunara Ha TexHUUECKU
VYuusepcurer — Codust. M3cnenpanusiTa no JUCEPTALIMOHHUAT TPYJl ca HAllPaBEHU OT aBTOpa, KaTo
pe3yaTaTuTe OT TAX ca MyOJUKYBaHU.

ABTOD: ITpod. n-p. unx. Bnagumup Kocraguuos Ilynkos

3arnasue: Iloaxox 3a mpenocTaBsiHE Ha MOBCEMECTHA CBBP3aHOCT U €(PEKTHUBHO yNpaBIeHHE Ha
pecypcu B MOTPEOUTEICKHM OPHUEHTUPAHH CBPBHX IIBTHU YHUPHUIMPAHU O€3KUYHU
MPEKH 32 JOCTBI

Tupax: 30 OGpost

Otneuarano B UIIK na Texaundeckn yauBepcuteT — Codust



I. OBIIA XAPAKTEPUCTHUKA HA JMCEPTAIIMOHHMUS TPY A

AKTYyaJHOCT Ha nmpodjeMa

bBp3usaT HanpeabK U €BONIOIUATA HA TEICKOMYHUKAIIMOHHUTE TEXHOJIOTHU BOJST CBETA KbM €THO
HAI'BJIHO CBBP3aHO B Mpeka OOIMISCCTBO, KBJACTO IOCTBIBT JI0 KOMYHHUKALMOHHH PECypcH H
oOMeHBT Ha MHGOpPMAIIUA IIe CTaHE BBH3MOXKEH HABCSAKBJC M IO BCIKO BPEME OT BCEKH WM OT
BCSIKO HEIIO. ,,Om Hat-mankume Iu4HU euju 00 20JeMume KOHMUHEHMU, 6CUYKO HABCAKbOE Uje
OBOe C8BbP3AHO OUSUMATIHO U e 0M208aps HA moeéa, Koemo xceiaem u xapeceame™ [1]. JIneninara
BHU3HS 3a ObJeniara Mpeka 3a JOCTBII Mperoara, 4¢ TeXHOJOTUUTE 3a JOCTHI IIe MOAMBPIKAT
CBBP3aHOCT MEXKAY XOpa, MalTNHH, YCTPOUCTBA, KAKTO U pa3HOOOpa3Ha raMa OT BCUYKO OCTaHAJIO,
KOETO MOXe Ja ObAe cBbp3aHO Mo Mexay cu. Omie nHec, o0adye OTPOMHOTO YBEJIMYCHHE HA
MYJTUMEIUIHAS TpaduK, MOPOJCHO OT HApacTBAIIUs OpOi Ha MPUIOKCHHS, OT PAa3BUTHETO Ha
COIMAITHUTE MPEXKH, OT OHJIAIH UTPHUTE H T.H., 3a€JIHO C HOBUTE BUJIOBE KOMYHUKAIIUH, HAIOKEHH
oT TexHoinoruure ,,MIHrepuer Ha Hemara®“ (Internet of Things: IoT) u ,,Mamuna kM MammuHa*
(Machine-to-Machine: M2M), Boau 10 Bb3HUKBaHE HA MPOOIEMH U MPEAU3BUKATEICTBA, 3aCATALH
JOCThIIA IO MpeXKaTa, CBbP3aHOCTTa U Bb3MOXKHOCTUTE 3a Mpe/IaBaHe U 00padOTBaHE HA FOJIEMUTE
o0eMu OT JaHHH, TCHEPUPAHU OT KpaiHU MOTPEOUTEIN U YCTPOMCTBA. 3a Jla MOXKE JIa C& OTTOBOPHU
Ha TE3W MPEIU3BUKATEIICTBA, JIa € BH3MOXKHO YIPABICHUETO HA BCUYKH TE€3W CBBP3aHU HEIIa U 3a
Jla MOYKE JIa C€ OTTOBOPH HA YBEIMYABAIIUTE TpaQUIHU U3NCKBAHMS, OBJACITUTE TIOKOJICHHS MPEXKHU
3a poctbil (Access Networks: ANS) mie TpsOBa ha BbBeAaT HOBH (YHKIHMOHATHOCTH M Ja
MOJUTbPKAT MHOTO MO-IIMPOK CIEKThp OT yciyrd. bwaenmmre AN, ocoOeHO B YMHHUTE TpajoBe
(Smart Cities: SCS) mie HanxoXaT U HOBM M3MCKBAaHHS KbM HadWHA, 10 KOMTO CE€ OCHIIECTBSABA
aOOHATHUS JOCTHII, Thi KaTO CE OYaKBa Te Jia ObJAT MHOTO JMHAMHUYHHU IO XapakTep U C MHOTO
IUTBTHO pa3mpeselicHhe Ha TOTPEOMTENHM W TOYKH 3a JIOCThI. BBB Bpb3Ka C BCHYKO TOBA
MpoOJIeMBT 3a MPEOCTaBIHE Ha TTIOBCEMECTHA CBBP3aHOCT M €()EeKTUBHO YIpaBICHUE HA PECYpCU B
MOTPEOUTENICKA OPUEHTHUPAHU CBPBX IUTBTHU O€3KWYHU MPEXKH 32 JIOCTBII € HW3KIFOYHUTEITHO
aKTyaJieH.

]_Ie.]'l HAa JTUCCPTANUOHHUA TPYA, OCHOBHHU 3a1a4Y1 1 ME€TO/IM 3a U3CJICIBAHE
Ienta Ha HacTosLuUs TPy € (hOpMyIUpaHa , KaKTO cieJBa:

,HCZ ce npedﬂoofcam HOBU N00X00U KbM peaiuzauuima Ha mpescume 3a docmbn, Koumo _we

omeoeopAam HA U3UCKBAHEmMO 3d noecemecmen docmubn_u C6bpP3AHOCNT HA nompe6umefzume, u we

no360JiIAiM UMNniemMerRmupanemo Ha maxkueda Memoou 3a U3NOA36aHe U ynpaeJjieHue Ha oepanuderume

KOMYHUKAUUOHHU pecypcl 8 De3dcutHus. 00CIbN, Ype3 KOUmo 0d mMooice 0d_ce npedocmasy eoun

8UOUMO ,, 0e3kpaen_kanauumem '’ Ha nompebumenume, He3A6UCUMO Om _6U0A UM, Oposm um Ha
eOUHUYA NIIOUL U MAXHOMO 0BUINCCHUE.

JlcepTaIllMOHHUAT TPYJ] CH MOCTaBs HAKOJKO 33Jla4d 3a pelllaBaHe, KaTO OCHOBHHUTE Ca CBBP3aHHU C
MpeJylaraHeT0 Ha HOBHM CXEMH 3a acollMMpaHe, TPYIMUpaHe W KOOIEepaTHBHA KOMYHHKAITUS Ha
motpebuTend W TOYKH 3a jgocthil  (Access Points: APS), ocurypsBaimm 0e3mpo0IeMHO,
MMOBCEMECTHO, MOMEHTAJTHO CBBP3BAaHE W HAJMCKJIHH TPOIESAYpPH 3a XeHIOBbp. HeoOxomumu
YCJIOBHS 3a TOBa ca MpeJiaraHeTO Ha WHOBATUBHM IMOJXOU 3a ChOupaHe, 00paboTka U aHAIHM3 Ha
CCH30pPHU U MOHUTOPUHI'OBHU JaHHHU, KOHUTO Ja MO3BOJISIBAT KOHTCKCTYAJIU3UPAHC Ha 663)I(I/I‘IHI/I$I
JOCTBII, U TAaKWBa 3a CIIOJENSHE U YIpaABJICHUE HA PECYpPCH, KOUTO Ja MO3BOJSABAT €(PEKTHBHO



U3MOJI3BaHe Ha OE3KWYHHUTE BBH3AYLIIHU HHTEephENCHU pecypcH, Oa3upaHH Ha BBHBEXKIAHETO Ha
KOTHUTUBHH XapPaKTEPUCTUKU U UHTEITUTECHTHOCT.

MeT010710THYHA OCHOBA

Mertoponorusata Ha H3CIEIBaHUATA B JUCEPTALMATA BKIIIOYBA H3IIOJ3BAHETO HAa AHAJIMTUYHH,
CTaTUCTUYECKH, CUMYJIALIMOHHU TMOAXOAM M aHAJIM3 Ha rojemMu JaHHU. Ha TakaBa MeTOJ10J0THMYHA
OCHOBa ce 0a3upa aHanu3bT 3a pazButue Ha AN 1 KoHuenuuaAra 3a mojenupane Ha AN OT rienHa
TOUKa Ha KuOep-usznyecka cucTeMa U NPEUIOKEHHUAT O00OOIEH MOAXOA U CBBP3AHUTE C HEro
METOJH 3a IPEAOCTaBsSHE Ha MOBCEMECTHA CBBP3aHOCT M €(EKTHBHO YIPABICHUE Ha PECYpCH B
NOTPEOUTENICKMA OPUEHTHPAHH CBPBX IUTBTHU YHU(PHUIMPAHU OC3KUIHU MPEXKH 32 JOCTHII.

Hayuyna HoBoOCT

B nucepTtanmoHHHAT TPY[ ca MPeUI0KEHH HOBU MOIX0IU, UMILIEMEHTHPAHETO HAa KOUTO M€ MOXKE
OCUTYPH TIOBCEMECTEH JOCTBII U CBBP3aHOCT HAa MOTPEOUTENNTE, KAKTO U €(PEKTUBHOTO U3IMOI3BAHE
U yIpaBJICHHWE HAa OrPaHMYCHUTE KOMYHUKAIMOHHU pecypcu B ANS, upe3 KOUTO J1a MOXe Ja ce
OCUTYpPHU €IMH BUAMMO ,,0€3KpacH KalamuTeT Ha MOTPeOUTEeNUTe, HE3aBUCUMO OT BHJA MM, OpOs
Ha eJMHHUIA TUION M TAXHATa nuHamuKka. [loaxoast 3a momenupane Ha AN OT TJenHa TOYKa Ha
kuOep-pusndecka OepxuuHa cucrtema 3a gocTein (Cyber Physical Wireless Access System:
CPWAS) u koHmemmusiTa 3a HEWHATa CTPYKTypa HE C€ cpella B JIUTeparypara IO cera.
[IpennoxxeHUTe EBPUCTUYHHM TMOAXOAM U alNTOPUTMHU 3a rpynupane Ha APS U JUHAMHYHO
acolMUpaHe Ha MOTPeOUTEeNH C IeNl OCUTYpsiIBaHE Ha €AWH ,,BUIUMO OE3KpacH Kamaimurer Ha
NOTPeOUTENUTE € HOBOCT B METOAMUTE 3a OCHUTYpsIBAaHE Ha MOTPEOUTENICKM OPUEHTUPAH JOCTHIL
BbBekmanero Ha crnenuduuHata obigact Ha oOpaboTka Ha rosnemu paguodectotHu (Radio
Frequency: RF) naunu, T.H. ,,RF anamutuka®, 3aeqHO C TpUMEpHTE 32 HEHHOTO MPAKTUYCCKU
UMIUIEMEHTHPaHe, € HOB MOJAX0J B 00JacTTa Ha aHAJM3a Ha PAaTMOYECTOTHHUS CHEKTHP C I T0-
epexTHBHATA My yTHiIHM3anus. HaydHa HOBOCT B HACTOSIIATa TUCEPTAIHS € U TPEIIaraHeTo Ha HOB
MOJIXO/ 32 OCUTYpPSIBAHE Ha MOBCEMECTHA CBBP3aHOCT U €PEKTHBHO YIpPABICHHE HA DPECypCHTE, B
NOTPEOUTENICKM OPHEHTHUPAHH CBPBX IUIBTHU YyHUHUIMpaHu OezxuuHun ANS, OGasupaH Ha
CbBMECTHOTO IIpUJIaraHe Ha poJIEBU UTPU U MALIMHHO OOyueHHe.

IIpakTHYecKka NPHUJIOKUMOCT

Bcuukn METOAHN U MOACIN paspa60TeHI/I B JucepTanusaTa Ca BaJIUWAUpPaHW 4YpE3 CUMYIAOVOHHU
CKCIICPUMCHTU WJIM 4YpPE3 aAHAIIM3 Ha PE3YJITATUTC OT MNPAKTHYECKOTO HM HMIUIEMCHTHPAHEC U
TecTBaHe. ToBa mpenocTaBs BB3MOXKHOCTTA TMPHJIAraHETO HAa pE3YITAaTHTE OT HACTOSIIUS
JMCEPTAllMOHEH B IMPAaKTUKaTa Ja CTaHE HEMOCPEACTBEHO M JIECHO. lIpeiokeHUuTe METOnu |
MOJICTI Ca CPaBHEHU C APYrH, B OCHOBAaTa Ha KOUTO Ca 3AJI0KEHU MOJ00HH ()YHKIMOHATHOCTH
W/WITM XapaKTEPUCTUKU, U KOMTO MMAaT CXOJIHH IIEJH IO OTHOILICHHE Ha TMOCTHUTaHEe Ha MO-700pa
paboTOCTIOCOOHOCT.

ITy0iukyBaHe Ha pe3yJTaTUTe OT AUCEPTALMOHHOTO U3CJIeBaHe

HanpaBenurte aHanusu, NpeajokKeHUTE MOAXOAN U MOTydeHHUTE pe3yaTaTu 3a nepuona 2012+2019
ca npeacTaBeHu B 35 agmopcku nyoauxkayuu, KaTo:



» [lleem om nybnukayuume ca camocmosmennu, Karo eonama [A28] upeacrasisiBa
Monoepaguuen mpyo, oee ca enasu om kuueu [AT], [A25], osée ca na medxncoynapoonu
konghepenyuu [A8], [All], eona 6 cnucanue ¢ umnaxm gaxmop [AB6].

»  Ocrananute 29 nyborukayuu ca 8 cbagmopcmeo, Kato 12 ca npedcmagenu Ha mexncoyHapooHu
KoHGhepenyuu, 4 ca enasu om xnueu, 13 ca 6 medcoynapoonu cnucanusi, ot Kouto 11 ca c
UMRAKm Gaxkmop u/uiu UMnaxKm paue.

OcBeH MOHOTpaQUYHHUSAT TPY/, BCHUKU OCTAHAIN NYOIUKYS8AHU A8MOPCKU Mpyoose ca peepupanu
u unoexcupanu 6 bazume oannu SCOPUS u/unu WoS.

C ornen aHaiu3 M OIEHKA Ha IMOJy4eHAaTa MyOJMYHOCT HAa MPEAJIONKEHUS TUCEPTAIllMOHEH TPYI,
MoOe Ja ce otoenexu, ue kbM Mait 2019 B SCOPUS ca 3abenszanu 42 yumupanus Ha agmopcxu
nybnukayuu. ChIeCTBYBAT IUTUPAHUS U B Apyru 0a3u ganuu (Hanpumep Google Scholar), kakto u
B HHTEPHET IPOCTPAHCTBOTO, HO T€ HE CE OTYUTAT TYK.

CTpykTypa 1 00eM Ha IMCePTAUOHHUS TPY]

JlucepTaiinoHHUAT Tpya € B o0em oT 193 cmpanuyu popmar A4 u cpabpka yBOJ, UETUPH TJIABH,
3aKIIIOYCHUE, CIIMCHK Ha (UTYpHUTEe, CIUCHK Ha TaOJIMIUTE, CIIUCHK HA U3IMOJI3BAHUTE CHKpPAIICHUS,
CIHCHK C ABTOPCKUTE IYOJUKAI[MM [0 JUCEPTAIMsITa, CIUCHhK Ha H3IMOJI3BAHATA JHTEpaTypa.
W3noxkeHneTo Ha TUCEPTAMOHHUS TPYA Chabpka 82 gueypu, 12 mabnuyu v 80 mamemamuuecku
uspaza. VI3nonspanu ca 218 aumepamypuu uzmounuyu, 80% oT KOUTO ca om nociednume decem
2oounu. Homepara Ha ¢urypure u TaOiIuuuTe B aBTOpedepara ChHOTBETCTBAT HA TE3U B
JMCEPTALMOHHUS TPY/I.

B IlvpBa ['naBa e HampaBeH aHaiau3 Ha pa3BuTueTo Ha ANS U € mpeuioKeHa KOHLENUUATa 3a
eBosonuaTa Ha ANS KbM MpexH, 0a3upaHu Ha YHUGUIMpPaH O0€3’KUYeH J0CThI. TakbB TOCTHI 1€
€ XapaKTepeH C TI'bBKaBM CXEMH 3a acOLMUpaHE Ha MOOMJIHHM MOTpeOMUTENH U MOAXOAM 3a
KOOIEpPaTHBHO TPYNOBO CBBp3BaHe Ha moTpedbutencku ycrpoiicta (User Equipment: UE) u APS;
MHOBATUBHU TOAXOJM 3a CIOJAEISIHE W yIpaBlIeHUE Ha PEeCypcH; MHTEIMICHTHOCT, 0a3upaHa Ha
CbOMpPAHETO, CIMBaHETO M 00pabOTKaTa Ha CEH30pPHU, MOHUTOPHUHIOBH M JPYTH JIaHHH, KOETO
3ae/IHO C MpUJIaraHe Ha alropuTMH 3a MammHHO oOyueHue (Machine Learning: ML) u u3kyctBeH
unrenekt (Artificial Intelligence: Al), me mo3Bonau ummnementupane Ha 3S (Self-configuration,
Self-organization and Self-optimization) ¢yHKIIHOHATHOCTH, MPOTHO3WPAHE HA CHCTOSHUETO,
anmantanus u eomouus Ha AN. Ha 06a3ata Ha cpaBHMTENHa OllEHKAa Ha XapaKTEPUCTUKUTE M
(byHKIMOHATHOCTTa Ha TakuBa yHupuuupanu ANS, ¢ Te3n Ha enHa MamabOHa Kubep-pu3nvHa
cucrema (Cyber Physical System: CPS), e mpeanokeHo BIXIAaHETO 3a (YHKIIMOHHPAHETO M
mojnenupanero uM kato CPWAS. Bb3 ocHOBa Ha M3JI0XKEHOTO B Ta3M TJaBa M MPEAJIOKCHHST
mojen Ha AN B SC karo enna CPWAS, ca popmynupann OCHOBHUTE 3a7ayl Ha JUCEPTALMOHHUS
TPYA, OCHOBHO CBBpP3aHH C TpEIJIaraHeTO HA: HOBU CXeMU 3d dacoyuupaue, 2epynupave u
KoonepamueHa KomMyHukayus Ha nompeoumenu u APs; nosu nooxoou 3a cvbupamne, oopabomka u
ananuz Ha RF Odamnu u xommexcmyanusupane Ha 06e34CUYHUSL OOCMBN, Memoou 3a eheKkmueHo
cnooensane u ynpagienue Ha pecypcu.

Bbse Bropa ['nmaBa ca mnpemiokeHHM MOJENM 3a acolMUpaHe, TPyNUpaHe W KOOIEepaTHBHA
KOMYHUKamus Ha motpebutrenu m APS, ¢ 1en ocurypsiBane Ha Oe3mpoOseMHa, MMOBCEMECTHA U
HETIPEeKbCHATA CBBP3aHOCT HA pa3IUYHUTE BUIOBE moTpedutencku ycrpoiictBa B CPWAS.



[MomxoauTe ce OCHOBaBAT Ha METO/M 33 MIPOAKTHUBHO yIIPaBJICHHE HA CBBP3aHOCTTA U TPYNHPAaHE Ha
APS u ca peanu3upaHu 4Ype3 EBPUCTUYHH AITOPUTMHU C HUCKA HM3YUCIUTEIHA CIOXHOCT U
ONPOCTECHU aHATWTHYHU M34YHCIIeHUs. Bb3 ocHoBa Ha Te3u moaxonu, CPWAS upe3 oneparnmnonna
cucrema 3a jgoctbn g0 Mpekata (Access Network Operating System: ANOS) me moxe aa
OpraHm3upa JWHaMU4YHH Tpymu oT APS, Taka 4ye B Mpekara Ja ce BBBEAAT NOTPEOUTEICKU
OpPUCHTUPAaHU (YHKIMOHATHOCTH. 3a Jla MOTraT Ja C€ peajl3upaT CXEMHUTE 3a acOIMHpPaHe,
rpynypaHe W KOoIepaTHBHA KOMYHUKamus, ce mpeniara umruiemMeHtupanero B CPWAS nHa nBe
3aIBJDKUTEIHN (YHKIMOHATHOCTH: Nbp8amd, OMHACAWA ce 00 UHMENUSeHMeH MOHUMOPUHS U
ananuz Ha RF oannu, a emopama - 0o eghekmueno opeanuzupaue u ynpasisaeare Ha pecypcume.

B Tpera I'maBa ca mpeUioKeHW MMOIXOAM KBbM MpaKTHYeCKa peanu3anus Ha oOpaboTkata W
aHanmu3bT Ha RF naHHW B OOJNIaYHM CTPYKTYPH, KOHTEKCTYaJM3UPAaHETO M IPEICKAa3BaHETO Ha
NoTPeOUTENICKOTO ToBelAcHHe. BwbBeneno e mnowstuero ,,RF  awarumuxka*™, otpassBaimio
oOpaboTkaTa, aHaIW3bT M HW3BJIMYAHETO HA 3HAHUS OT rojemu RF maHHM W e mpeiokeHa
iatdopma, KOSTO TO3BOJISIBA CBBP3BAHETO HA PA3IMYHU BUI0BE RF KimeHTH ¢ oren nmpuiaranero
Ha aJaNTUBHU TOAXOJM 3a CIIeJICHE Ha CHEKThpa. lIpennoxkeH e moaxoj 3a MpeacKa3BaHE Ha
pasnpeneneHneTo, MOOWJIHOCTTa H AaKTHBHOCTTa Ha IOTpEOMTENHTE, OCHOBaBal] Cce€ Ha
U3rPaXKIaHETo Ha ,,nompebumencku monaunnu kapmu (User Heat Maps: UHMS). IIpunaranero Ha
RF ananuTuka u npencka3BaHeTo Ha MOTPEOUTEIICKOTO MMOBEACHUE Ca OCHOBHH MPEIIOCTABKH J1a Ce
pean3upaT OCHOBHUTE (PYHKIIMOHAIHOCTH, KOUTO TpsiOBa na ce umriementupat B CPWAS.

B Yerswpra ['1aBa ca npeiokeHu NOAX0AU 32 €(EeKTUBHO YIIpaBJIEHHE HA PECYPCH U peanu3anus
Ha 3S ¢yHkunonamHoctd B ANOS, ¢ HHUCKa HH3Ka U3YMCIMTENHA CIOXKHOCT. 3a ylpaBiIeHUE Ha
pECYPCH € IPEUIOKEH EANH POJIEBH UTPOBH MOJAXOM, OCUTYpPSIBAILl KOMIIPOMHC MEXy Ka4eCTBO Ha
obcnyxkBaHe Ha UEs u mo-necHo angmunuctpupane Ha CPWAS, u enun monaxoxa, 6asupaH Ha
npoueaypa 3a yIpaBiI€HHWE Ha pUCKA, C Led MpealpUeMaHe Ha IPEeBAaHTUBHU MEpPKHU 3a
MOACUTYpsiBaHE Ha €(PEKTHBHOTO M3IMOJ3BaHE Ha HAIMYHUTE pecypcu B APs. 3a peanuzarusita Ha
3S (yHKUMOHAIHOCTH ca MPEAJIOKEHU METOH, OazupaHu Ha anropuTmu 3a ML m xomOuHHMpaH
QITOPUTHM, ChUeTaBalll MO3HaHUATAa 3a MecronoyiokeHne Ha UEs ¢ Q-oOyueHue u wurposu
MOXOIH.

II. CBABP)KAHUE HA IMCEPTAIIMOHHUSA TPY [

I''TABA 1. Mpexu 3a 1ocTbll ¢ yHU(PUIHMPaHA 0€3KJIEeTHhYHA APXUTEKTYpa

B Ta3u rnaBa e pasrienaHo pa3BUTHETO Ha OE3KUYHUTE MPEXKH 3a JOCTHI KbM T.H. XET€POr€HHU
MpPEXH ¥ BB3HUKBAHETO HAa MpPEXHU 3a JIOCTBII C CBPBX BHCOKA ITBTHOCT U XETEPOI'€HHOCT.
O00CHOBaHO € BB3HMKBAaHETO Ha HOBU MPEKOBHM apXUTEKTypH Oa3upaHM HAa HOBM IOAXOIH 32
oOciy)kBaHE Ha TNOTpeOUTENHUTE, T.e. KOHBEPIEHTHHUTE OE3KJIEThYHU MPEXKH, KAKTO U
MPEIINIOCTAaBKUTE 332 BBH3HUKBAaHE Ha eqHa yHH(UIUpaHa Oe3KJIEThYHA apXUTEKTypa 3a JOCTBHIL
[Tpennoxen e Mozen Ha yHUpHUIUpPaHa Oe3’KMYHA MPEXa 3a JOCTBII OT IJIEAHA TOYKA HA IIMPOKO-
ManiaOHa Kkubep-(hu3ndHa cucTema.



1.1. PazBurtue Ha 0e3:xxmunute ANS

Ha ompenenen eram OT pa3BUTHETO Ha MOOWJIHHWTE KOMYHUKAIIMM HSIMa J]a MOXE IOBEYE Jia Cce
yBelIM4aBa IMPOITyCKaTeIHaTa CIIOCOOHOCT Ha KaHAIUTE, MOpaad JOCTUTAHETO Ha TEOPETHYHO
BB3MOKHUTEC CTOWHOCTH W OrPaHUYCHUSTA B PAOOTHUTE YECTOTHHU JIGHTH. B Te3um ciydan
€IMHCTBEHATa BH3MOXKHOCT € J]a C€ YBEJIWYM NIMPUHATA HA TE3H JICHTU W/WJIM J]a C€ MPEMHUHE KbM
M0-BUCOKH Pa0OTHH YECTOTH W IO-BHCOKA IUTHTHOCT Ha PAa3MOJIOKEHHWE HAa MOOWIHUTE 0a30BU
crauniuu (Base Stations: BSS) u Toukure 3a qocten (Access Points: APs). ITopaau ToBa B Obacie
Ce OYaKBa OCHOBHUTE MHOBAIIMU B Ta3u 00JACT Ja ObAAT HACOUYCHU KbM HaMaJIIBaHE Ha Pa3XOJUTE
3a eAWH OUT MpenaBaHa MHGOPMAIUsS M Pa3XOJUTE 32 EHEprus Ha equH OuT. ToBa MOXe Ja cTaHe
OCHOBHO 4pe€3 MpOMsSHA Ha KJIEThUHATA HHPPACTPYKTYpa, BHBEKIAHE HA WHOBATHBHH IMOJXOU 32
CTOJICNISIHE HAa PAAMOYECTOTHUS CIEKThP M Ha BB3AYIIHHUS MHTep(deiic, eheKTHBHO yrmpaBlieHUE U
M3II0JI3BaHE HA PECYPCUTE.

1.1.1. KonBeprenuusi Ha ¢puxcupanu u Mmoo ANS

Tazn KOHBCPIreHUUA Ha IIpaKTUKa IMMPCACTABIABAa MHTCTpalW Ha 0€3XKUYHU U (1)I/IKCI/IpaHI/I MpPCXKHU C
oejsr npeaoCraBgHE Ha BCHUYKH BHUJOBC MIHWPOKOJICHTOBU YCIYIru, B T.H. pPAa3rOBOPpHHU, BUACO U
MyHTHMeﬂHﬁHH. TaxkuBa COCHApHUH BCUYC CC MMINICMCHTHPAT Ha IIPpaKTHKA, ThU KaTO TE€ HE caMo
npeaoCTaBiAT p33H006p83HI/I yciayru 3a KpaﬁHHTe HOTpe6I/ITeJ'II/I, HO MW JaaBaTr Haﬁ-paSHHqHH
npeauMCcTBa Ha AOCTAaBUYMLUTEC HA YCIYIM W Ha OIICpATOPHUTC. Tes3n XI/I6pI/I)IHI/I APXUTCKTYpHU CC
CUHTAT 3a KPabI'bJICH KaMbK Ha OBIEHIUTE IHPOKOIECHTOBU Mpeku 3a mocthll (Access Networks:
ANS) u e ce OCHOBaBaT Ha HMHTETPUPAHETO HA IACUBHHUTE ONTHYHH MPEKH OT CIICIABAIIO
nokosieHue (Next-Generation Passive Optical Network: NG-PON) ¢ LTE-A (Long Term Evolution
Advanced), xereporennn Mmpexu (Heterogeneous Networks: HetNets), mero mokonenue (5th
Generation: 5G) Mpexu WK HEHTPATU3UPAHU, KOJIAOOPATHBHU, OOJaYHH U YUCTH MPEXKH 33 PaIHO
noctw (Centralized, Collaborative, Cloud and Clean Radio Access Network: C-RAN) [7, 8].

1.1.2. Pa3npenaenenu u iiepapxuuHu kouBeprentnu HetNets

OcBeH KOHBEpreHIMsI Ha (PUKCHPAHUTE W MOOWIHU MpPEXH, JHEC TCHJCHIUS B MPEXKHTE 32
Oe3KHueH JOCThI € pealu3aluaTa Ha paslpeleieHd M HepapXUyHH XETEePOreHHH MPEeXKHU
(HetNets). BbBexnanero Ha koHreniusra 3a HetNets, BkirouBaiia KOOpIHHUPAHO MAKPO U MTHKO-
WIM HaHO- KIEThUHO TOKPUTHE, CE CUMTa 3a CPEIACTBO 3a MOAOOpsBaHE Ha KamamuTeTa H
nmporyckarenHata crnocodHoct Ha ANS. Bbopekun ToBa, Te3W MpeXH C€ XapaKTepusupaTr ¢
HEJIOCTaThIIM [0 OTHOIIEHHE Ha KauecTBOTO Ha ycayrara (Quality of Service: QoS) u yceranero 3a
kaugectBo (Quality of Experience: QOE) nHa kpaitaus motpeduten (0co0eHo Mpu OBP30 ABHKEIIH Ce
noTpeOuTenu) mopany ¢GaxkTa 4e, B CIOXKHH €JICKTPOMArHUTHH CPEIH, KaTo Te3W B €IUH ,,YMEH
rpax” (Smart City: SC), Bucokara murbTHOCT Ha wHCTanupanute BSS/APS moxe na mpean3Buka
CHJTHO KOPEJIMpaH MIyM WK CMYIIEeHHUs1, kouTo 1a Bromar QoS Ha chcequure BSS/APS [24]. B taszu
TOYKa Cce MOCOYBAT HAKOU OT HeJocTaThlNTe Ha KoHBepreHTHUTEe HetNets, karo ce oTbensizpa, ye
T€ Morar Ja ObJaT MPeoJOJICHH Ype3 BHBEXKJIaHE Ha WHTEIMTEHTHH TMOJXOJHU 3a YIpaBlIEHUE Ha
pecypcH U BHEApSBaHE Ha HOBU apXHUTEKTYpU Ha Mpekara 3a JIOCTHII, Bb3 OCHOBA HA MPUHITUIINTE
3a BUPTYyaJHU3allysl U CIIOACTICHO H3I0I3BaHe Ha PECYPCH.

1.2. ANS ¢bC CBPBXBHCOKA ILTBTHOCT M X€TEPOreHHOCT

Cnenuduyna ocodeHocT Ha ObaemmTe ANS € HaTHYUETO Ha Pa3IudHM 0 BUJI MOTPEOUTENHN (X0pa
Y MaIlliHK) ¢ BUCOKA JHHAMHUKA U pa3HOOOpa3ue MO OTHOIICHHE HA MOOWMITHOCT M YCITyTH. TUnudeH



clieHapuii Ha TakuBa CBpbX MIbTHH xereporennu (Ultra Dense Heterogeneous: UDH) mpexu,
KaKTO OT MOTPEOUTEIICKH, TaKa U OT MPEKOBH acrekT, ca ANS B Obemmure SCs.

1.2.1. IlpenusBukarejcrea npu umiieMedTupane Ha UDH mpexu 3a gocrbn B SCs
HenocpencTBeHoTo MMILIEMEHTHPAHE U B3aUMHO CBBp3BaHe Ha paznuunu tunose HetNets B oOmia
KOMYHHUKAIIMOHHA MH(PPACTPYKTypa HAMA Ja MOXKeE J1a MOAbPKa MOBCEMECTHUTE WH(POPMAIMOHHU
yeayru B 0paemute SCS [27]. 3a SCS, Ha MACTOTO Ha TakaBa JMPEKTHA CXeMa Ha CBbP3BaHE Ha
HetNets, TpsbBa ma ce mpemnoku HOBa KOHBEPI€HTHA MpPEXKOBAa apXHTEKTypa, Oa3upaHa Ha
pPasHOPOIHKM O€3KUYHH MPEKH M pa3IMyHd TEXHOJIOrHMM 3a mpemaBane [28, 29]. OcHoBHuTe
MIPUYMHY 32 €/IHa TaKaBa TpaHc(opmalus Ha MpeskarTa Iie ca:

v HamaJsBaHe pa3Mepa Ha KJIETKHTE W Bh3HUKBaHe Ha MacuBHH UDH Mpeskwu, ¢ 1ien usnonssane
Ha yectoTute HaJ g 6GHz, Taka 4e f1a ce 0TroBopH Ha ObAeUIMTE NOTPEOHOCTH OT TpadUK U 1a ce
IOCTUTHE MaKCUMaJlHa eHepruiiHa e(heKTUBHOCT;

v\ UHTErpuUpaHe Ha MHOXKECTBO O€3)KMYHM TEXHOJOIMH 3a JOCTHII W BHEIAPABAHE Ha
YCHBBPILICHCTBAHM METOH 3a TpenaBaHe, TakuBa kato macuHo MIMO (Multiple-Input and
Multiple-Output), ¢popmupane Ha JIbYa, KOOPAMHUPAHO IMPEIaBAHE U T.H., KOETO IIE MO3BOJIH
eeKTHBHO pasmpeelicHie Ha Oe3KWYHUTE BB3AYIIHU HHTEpPEcHH pecypcd (MOIIHOCT,
BpEMeE, YECTOTHA JIEHTA, YECTOTA, IPOCTPAHCTRO);

v' UHTEJIUTeHTHO YIIpaBJICHHUEC Ha 0e3KUYHU pecypcu B p€ajiHO BpEME, 63.3I/IpaHO Ha CIIMpaHC Ha
HU3JIBYBAHCTO OT aHTCHATa (3aanBaHe), CHCpFHﬁHO ONITUMU3HUPAHU CMCCCHU BPb3KHU,
AUHAMHUYHO MapIIpyTHU3UPAHC, OIITUMU3AIUA HA TOIIOJOTUATA HAa CBBP3aHOCT U T.H.;

v/ HOBM HAYMHU 3a YIIpaBJICHUC Ha CMYLICHUATA U eHepFHﬁHO e(i)eKTI/IBHI/I noaxoau, Karo
HAllpuMep KOOPAUMHHUPAHEC HaAa CMYIICHUATA, HWHTCIIMICHTHO YIIPABJICHHUC Ha MOIIHOCTTA,
HE3aBUCUMO 3aXpaHBaHC OT MpEKara, CL6I/IpaHe Ha CHEPrud OT OKOJIHATa Cpe€aa v Ip.;

v\ u3n0a3BaHE Ha CBPBX-TCCHOJICHTOBU MU CIIOpAANYHU MCETOAU 3a OCUTYpPSABAHC HA CBHP3aHOCT
MCKIY yCTpOI’ICTB& C MHHHUMAJIHO l'IOTpe6J'IeHI/Ie Ha CHCPIrust U KUBOT Ha 6aTepI/I$ITa Hazg 10
T'OAWHH.

VMmiieMeHTHpaHeTO Ha Te3M TEXHOJOTHMYHU XapaKTepUCTHKH OMxa MOIVIM Ja JeicTBaT Karo
paspymuTenHu GpakTopu W/Win ABMKEIIN cuiid B pa3Butueto Ha ANs [Al] mopanu ToBa, ue Te e
JI0BEJIaT 10 Bb3HUKBAHETO Ha HOBU MPOOJIEMU U MPEAU3BUKATEICTBA, KOUTO MOraT Ja ce 00001t
KaKTO cJe/Ba.

v' OrpomHara HEOOXOAMMOCT OT BCE MO-BUCOKHM CKOPOCTH HA TpeaBaHe ¢ MPUYHHA 33 CBPHX-
BUCOKaTa MIbTHOCT Ha BSS/APS. CBpbX-BHCOKaTa IUTBTHOCT Ha pa3lojiaraHe Ha Pa3IHuHH
TEXHOJIOTUH M BUaoBe APS, ¢ 1en ocurypsiBaHe Ha TO-BUCOKH CKOPOCTH Ha TIpeJaBaHE Ha
JIAHHYU U TIOBCEMECTHO TPEIOCTaBsiHE HAa MH(OPMAIMOHHH YCIIYTH, IIIe OBEAE 0 MpolieMu ¢
YIIPAaBIICHUETO HA PECYPCUTE M OCUTYPSBAHETO Ha HeoOxoxumoTo QOS, ocobeHo KoraTo B ABETE
NIOCOKH C€ Tpe/iaBa CTpUiMHHT MyntumenreH tpaduk [A2], [A3].

v’ JIBuKeHHeTo Ha MOOWIHKUTE noTpeduTean B SCS e € CI0KHO M MPOMEHINBO. [10-CI0KHUTE U
MPOMEHJIMBH MOOWIHM CLIEHapuH 1€ NPEAU3BUKAT CIOXKHU MpOOJIeMH TMpPU XEHAOBBD H
OayaHcHpaHe Ha HAaTOBapBaHETO  Tpaduka B Mpexata [29, 30].



v’ Pa3Hoo0pa3veTo ¥ MOBHIICHATa CJIOKHOCT HAa OE3)KWYHWTE KaHAJIW TPH [pelaBaHe Ha
MIJIIMETPOBH BBJIHH, B CICACTBUEC HA MHOXKECTBO MPEMATCTBHS, IPUIHHSABAILY TUPPaKIKs, U
KaTo JION'bJIHEHHE, CI0)KHATA eIeKTpOMarHuTHa ooctanoBka B SCS, 11e MpeAn3BUKaT CePHO3HH
npoOieMu ¢ HHTEpGEPEHIUATA U YIIPABICHUETO HAa MOIIHOCTTA [24].

v Paznoo0Opasuero oT nmotpeburenu u npuioxenus B ,,iuteprer ua uemara“ (Internet of Things:
I0T) u komyHukanuute THn ,MamuHa kbM Mammuaa™ (Machine-to-Machine: M2M) e
IpeIr3BUKAT NPoOJIeMHU ChC 3aKBCHEHUETO U JIATEHTHOCTTA NOPaIy HACUTEHOCTTA Ha CHEKThpa
¥ HETOBOTO HM3IIOJI3BAHE.

v’ HaroBapenoctra Ha Tpapuka B SCS mie ce kojebac B MPOCTPAHCTBOTO M BBB BPEMETO.
Onykryanusra Ha TpahUUHOTO HATOBApBAaHE B MPOCTPAHCTBEHHUS JOMEWH IlE CE JIB/DKU Ha
CTOXaCTHUYHOTO MPOCTpaHCTBEHO pasmpenenenne Ha APS B SC. ®nykryauuure Ha
HAaTOBAPBAaHETO Ha TpaHKa BHB BPEMETO IIIE Ca CIESICTBHE OT MOOMIHOCTTA Ha MOTPEOUTEINTE,
3aBHCEINa OT paboTara U HaurHa Ha )kuBOT B SCS [31].

1.3. KonBepreHTHH 0€3KJIeThbYHU MPEKHU

3a 1a MOKe Te3U MpeAU3BUKATENICTBA J1a ObJIaT MPEOJIOJICHH U 3a Jla Ce peaan3upa eIuH eeKTUBHO
¢yukuonupamr UDH  moctsn, TpsiOBa ma ce mpemiokar M pealu3upaT HOBH MPEXKOBU
apXHUTEKTypH, 0a3upaHu Ha HOBH MOAXOIH 3a 0OCIyXBaHe Ha morpedbutenute. Karo msmo TpsodBa
Jla C€ ThPCU BB3MOXKHOCT 3a BbBEXKJIaHE HA IIPOCTH CXEMHU 3a aCOLIMHMpAHE Ha MOTPEOUTENNUTE C LIET
peayiM3anus Ha yciyra ot Tui ,,1:1%, T.e. enna AP na obcimyxBa eiMH NOoTpeOuTeN WK TpylupaHe
Ha aKTUBHU MOOWITHU moTpeduTenu u APS ¢ 11en koornepupane, MPOrHO3UpaHe Ha MOOUITHOCTTA U
I'bBKaBM M EHEPruiiHO e(QEeKTHUBHHM pEIICHUS 3a OCHIypsiBaHE Ha KIEThYHOTO IOKpHUTHE. 3a
paspelaBaHeTo Ha 4acT OT Te3M INpelu3BHUKATelCcTBaTa Beye ce 00ChkKAaT HOBU M MHOBATHBHU
MOJIXO/IM, KaTo HallpUMEp BBBEXJIAHETO Ha KOHBeprupanu OeskieTbyHM Mpexxku B SC. Wpesra,
KOSITO CTOM 33J] TSX, € MPaKTHYECKH Ja Ce BHEAPAT HOBU CXEMH 3a acOLMHpaHe Ha MOTpeOuTenu

4pe3 MpuiiaraHe Ha KOHBEPrHpaHU Oe3KIEThYHM CLIEHAPHHU, KaTO HapuMep npeaioxkenute B [A4]
u [32].

1.3.1. IIpeau3BuKaTeJICTBA Npe] KOHBepreHTHUTE 0e3KkaeTbuHu ANS

Be3kiieThuHNTE KOMYHHUKAIIMU MOTAT JIa OCHTYPSIT T'bBKAaBU PEIICHUS 32 OCUTYPSIBAHE HA MIOKPUTHE
" eHepruiiHa eekTuBHOCT B ObaemuTe SCS, T.€. Te MOraT Jja pemaT XeTeporeHHUTE PoOJIeMH Ha
¢usnvecko HUBO. Ho, 32 nma ce peanmmsupar mpeauMcTBaTa Ha OE3KIETHUYHUTE KOMYHUKAIUH, CE
OouYakBa 00JIaYHWTE M3YMCIECHUS M oOpaboTKaTa Ha JAaHHU Jla ce KojlabopupaT ¢ Oe3KiIeThuHaTra
nH(pacTpyKTypa M Ja CTaHAT YacT OT Hes. Be3KIeUThUHUAT TEIEKOMYHHKAIMOHEH JOCTHII MOXKE
Ja pelM YacT OT MpeAu3BHKATe]ICTBaTa, CBBP3aHU C (U3UYECKOTO HHMBO, HO 3a LEJIUTE Ha
ONTUMH3UpPAaHE Ha pPabOTOCIOCOOHOCTTa, KOOINEpUpaHE C TMOTpeOUTENnTe, MPOTHO3MpPAHE Ha
MOOUITHOCTTa W HMIUJIEMEHTHpPAaHE HAa T'hbBKAaBU PEUICHHS IO OTHOIIEHHWE Ha OCHTypsSBaHE Ha
MOKPUTHETO W eHepruiiHaTta e(peKTWBHOCT, B IsjIaTa oOjavyHa MHPPACTPYKTypa Ha MpexkaTa 3a
JOCTBII TPSIOBA J]a c€ UMILICMEHTHPA MHTEIMIeHTHOCT [27]. BbBexkIaHeTO Ha WHTEIUTCHTHOCT B
MpEXHTEe HE € HOBa TeMa M BeUYe ca TMPEAJIOKEHH MHOTO TEXHHWKH, Oa3upaHW Ha H3KYCTBEH
unrenekt (Artificial Intelligence: Al) 3a wuMIUIeMEHTHpaHETO Ha aBTOHOMHO YIpaBJICHHE,
caMOKOH(pHTypHpaHe, camoopranusupane u camoontumusupane [35], [A5]. TenaeHuuuTe KbM
camoopranusupamnure ce mpexu (Self Organizing Networks: SON) ca exna kpauka Hampex KbM



HOB IMOJAXOI 3a BBBCKIAHC HA MHTCIMUICHTHOCT B MPCXKATa, KOCTO IIC OKAXE BIHNAHHUEC U BBPXY
Ha4YrHa Ha JOCTHII 10 KOMYHUKAITUOHHHUTC MPCIKU.

O6uak, 6opasen ¢
TOJIIMO KOJIMYECTBO
OT JIaHHHU
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®urypa 1.5 EjlemenTn Ha uHppacTpykTypara 3a gocrbn B SC [A6]
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TakaBa MHTEIMIEHTHOCT MOXE Ja C€ MMIUIEMEHTHPa CaMO, aKO € BB3MOXKHO Ja C€ H3BBPIIN
MOJXO/IAIN AaHAIM3 Ha Pa3IMYHM TUIOBE JaHHH, HAaOJfOJaBaHU M ChbXpaHeHH B obOiaka Ha AN,
JlanuuTe 1me ObAaT ChOMpaHU, KAKTO OT CJIeJIcHE Ha CHCTOSHUETO Ha OKOJHaTa ((puznueckara)
cpena U MOBEICHUETO Ha MOTPEeOUTENUTE, Taka U OT CHCTEMaTa 3a eKCIUIOATAIUs, aMUHHCTPAIIHSI
u nomapwxkka (Operation, Administration & Maintenance: OAM) na AN. ToBa 1e Hu3HCKBa
U3rpakaaHeTo Ha HWH(pacTpykTypa 3a abOHATeH MAOCTBII C MIMPOKa rama OT CEH30PHHU
BB3MOXKHOCTH M YCJOBHS 3a ChbXpaHEHHE Ha roiemMu obemu oT manHu. Ha ®urypa 1.5 e
WIIFOCTPUPAHO Pa3HOOOPA3HETO OT OE3KUYHHU BB3JIM, PA3IMYHU BHIOBE IMOTPEOUTENN U CEH30PH B
uHPACTPYKTypaTa Ha €Ha MpeXa 3a JoCThIT B eaun Obaen; SC [A6].

1.4. be3kyeTb4HA YHU(PHIMPAHA APXUTEKTYPa 32 JOCTHII

Kato ce mMaT mpenBuja Npeau3BUKATENCTBATa Nped OS3KICThUYHHTE MPEXKH, MO OTHOIICHHE Ha
IPYIIUPAHETO, KOOMEPUPAHETO, KOHBEPIHMPAHETO Ha HWHQPOPMAIMOHHATA M KOMYHHKAI[HOHHA
UHPPACTPYKTYpa, MHTEIUTEHTHOCTTA U T.H., MOXe Jla ce TBbpAH, ue B Objemute SCs ANs mie ce
pa3BHAT B IIOCOKaTa KbM peaju3alusi Ha enHa Oe3KleThYHa W yHUUIMpaHa Oe3KWdHa
apxutekrypa (Unified Wireless Architecture: UWA). AprymeHranusra 3a TOBa MPEIINOJIOKEHNE €
U3JI0KEHa IO-I0JIy, OCHOBAaBalKM ce Ha ONMCAaHOTO IO MOMEHTa B TpyJa IO OTHOIICHHWE Ha
koHBeprennusaTa Ha HetNets ¥ KOHBEpreHTHHTE OC3KICTHUHM MPEXKH, W B3EeMalWKd MPEIBU]
NepCreKTUBUTE 3a pa3BuTue Ha ANs, ouepranu B [A6], [A7], [36, 37].

1.4.1. OcHOBHH NpeANOCTABKH 32 Bb3HMKBaHe HAa UWA

PasBuTtnero Ha I/IHCbOpMaHI/IOHHI/ITe 1 KOMYHUKAIIMOHHUTE TEXHOJIOTMHU U MPEXKU ITPOMCHI HAYMHA,
10 KOWTO B3aWMOJCHCTBaME MOMEXKIY CH U ChC 3a00MKajsIaTa HU cpefa U HU BHBEXKJA B €IHA
ernoxa Ha KOMYHHMKALUS C BCEKHM W/WIM BCAKO HEIIO, JOCTHIIHA 332 BCEKHM W/WIIM BCAKO HEIIO.
Hamnme e HOBO ()poBO CHIECTBYBAHE, ,, 8 KOEMO 8UHA2U CMe C8bP3AHU U MOdceM 0a obuyyeame ¢
6CAKaA cucmema, YCmpoucmeo Ui 408eK, Koemo no360.116a NOCMOAHHO U HENPEKbCHAMO pa3eumue
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Ha Hawus xcusom u oowecmeo “ [36]. ToBa o3HauaBa, 4ye XHIIEP-CBBP3aHOCTTA III¢ ObJE €AUH OT
OCHOBHHTE CHMIITOMH Ha Mpexute 3a JocThll B SCS. Xunep-cBbp3aHUTE TEICKOMYHUKAIIMOHHU
UHOPACTPYKTYPH U MPEXHU IIe OBIAT ,, eOUHHUAM, HAU-HEOOXO00UM elleMeHm HA C68bp36aHe Ha
xopama u omoenHume obwecmed, UHOYCMpUU, UKOHOMUKU U XOPd, 6b3 OCHO8A HA KOUMO ue 6voe
uzepaoena uHgpacmpykmypa om wupoKoOMaujaotu, C10#CHU U CUTHO 008bP3AHU CUCTNEMU, YUANO
ehekmugHoCcm, YCmMouyu8oCm u 3auuma we U3UCK8am UHmMeIueeHmHU, ONepamueHo Cb8MeCmuMu
U CUSYPHU UHPOPMAYUOHHU U KOMYHUKAYUOHHU peuteHus u Hoeu oOuznec mooenu’* [36]. Tosa
O3Ha4aBa, ue MOTPEOUTENAT (YOBEK MIIM MAIlIMHA) IIIe MOXKE JIa C€ CBhP3Ba KbM MpeKaTa OT BCSIKO
MSICTO M TI0 BCSIKO BpeMme (He3aBUCHMMO OT chbiiectByBamata AN) u ja u3mon3Ba OUYEBUIHUS
,,0€3KpaeH KamamuTeT, OCUTYpPEeH upe3 e(EeKTUBHOTO H3IOJI3BAHE Ha TEJICKOMYHHUKAlMOHHATA
MHPACTPYKTYpa 3a AOCTHII, OJarojapeHue Ha MPUIATAaHETO Ha CIIOJEICHU, I'bBKABU M HAACKIHU
pereHus.

1.4.2. OcHOBHU XapaKTepPUCTHKHU HA MPeKHUTe 32 10CcThI Ha ObaemmTe SCs

B Tta3u Touka ca pasriienanu u 0000IMICHH XapaKTEPUCTUKUTE HA MPEXKUTE 3a TOCTHII OT CIICTHHUTE
HSKOJIKO OCHOBHHM AaCIEKTH: pA3NpoOCmMpaneHue Ha  00CMbnd, 00Ccmvn 00  pecypcu,
UHMENU2EHMHOCM HA Mpedcama | nosedenue Ha nompebumenume. TIpenioxena e KOHICIINSI Ha
yHubunupana 6e3xuuna Mpexa 3a goctoi (Unified Wireless Access Network: UWAN), nokaszana
Ha ®@urypa 1.6 [A6], [A8].

Jannu 3a neiicteua OBJIAK 3A IAHHUW U

MOTPEBUTEH Jleiictsus na | i norpeSurenn VIPEAOBO 511P0
N oTpeOuTETN
VYerpoiicTBa \
. ANOS <
e, JeiicTBus Ha \/\
lal @ MOTPEOUTEITHUTE! (( )) CLCTOSIHUE
P N ) Ha Mpeaata Amnanus Ha JaHHK
= -t/i- _R.r OGparna A | 3a aocnn) v
‘ i Bpbakd 31 - Hedunupane Ha
. yemyra ((( ))) HOTPEOUTENCKH
‘ mabJoHH
Xopa Vnpasnsgama ¥
. Acouuupane - obOparHa <
Ha p— BpPB3Ka W3KyCTBEH UHTEICKT
HOTpeOHUTENM (( )) A v
>
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A4
‘ DOusuHn 3S u eBorOIMS HA
MpeKara
Crezene mapamerpure ma | AAHHA P
OKOJTHATa cpena

®urypa 1.6 O6o6urena crpykrypa Ha UWAN apxurekrypa [A6], [A8]

JleiicTBusiTa Ha MOTpeOUTENNUTE (XOpa WM MAIllMHU), CBbP3aHU C TSIXHOTO MOBEAEHHE (MOOMIIHOCT,
CBBP3aHOCT, M3UCKBAHUs, FTeHepHpaH TpaduK U T.H.), ce HabIroAaBatT ype3 OJIOK 3a HaOII0JeHHe Ha
MOTPEOUTENICKUTE JEUCTBHS, KONTO chOMpa MHpOpMaIHs OT NmoTpeduTenckure ycrpoiictBa (User
Equipment: UE) u UWAN. IlonyueHutre moTpeOUTENCKH AaHHU CE M3MpaIlaT J0 BUPTYaTHOTO
sapo Ha mpekata (Virtual Network Core: VNC). Bse VNC ce u3nbiHSBaT QYHKIIUH, CBBP3aHU C
orepalMoHHAaTa CHCcTeMa 3a J0cThil 10 Mpexara (Access Network Operating System: ANOS) u ce
peanu3upa MHTEIUTCHTHOCTTa Ha MpeKaTa. 3a IBIHOLUEHHOTO M3IMOJI3BaHEe HA WHTEIUTEHTHOCTTA
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Ha mpexata, VNC nosy4aBa JaHHU OT CJI€ICHE 1 MOHHUTOPUHT Ha ISIJIOCTHOTO PaObOTHO ChCTOSIHHE
Ha UWAN u npyru ¢usndecku nmapamerpu (YCIOBUS Ha OKOJIHATa Cpela, YCIOBHs Ha KaHaia,
M3II0JI3BaHE Ha PAJMOYECTOTHUS CIIEKTHpP, CMYLICHHUS U 1p.). Bb3 0OCHOBa Ha aHAIM3 HA TE3U JAHHU
u u3noisBaHe Ha Al ce renepupar nelictBus. Upes choTBETHUTE OOpaTHU BPB3KU CE YIPaBIsABa U
KOHTPOJIMpPA CBCTOSHHETO Mpekara, peanu3upa ce (YHKIMOHATHOCTTa Ha acOLMUpaHe Ha
notpedurenute kbM APS 1 ce mpenocTaBIaT HEOOXOIUMHUTE YCIYTH Ha notpedutenure. OyHKIUNATE
3a caMOKoH(uUrypamus, camoopranusanuss u camoonrtumusanus (Self-configuration, Self-
organization and Self-optimization: 3S) u Te3u, CBBp3aHH C €BOJIOLHMATA HA MpeXara, ce
m3nbiaHsaBaT BbB VNC. brnarogapenve Ha BupTyanuzanusaTa ¥ YHUQUIMPAHETO Ha JOCTHIIA,
aJlanTHPAHETO KbM HEMPEKbCHATO MPOMEHSIIATa ce (pru3nuecKa cpeia U CTOXaCTHYHOTO MOBEICHUE
Ha MOTPEOUTENNTE IIE € B3MOXKHO M CHCTEMara Ie MOXKE Ja MPUJI0KH KOHIETIHUATA 3a ,,XUIIep-
CBBP3aHOCT".

1.5. UWAN kato kubep-¢u3udHa cucrema

1.5.1. OcHOBHHU XapaKTepUCTHKH HA KUOep-(pU3MIHUTE CHCTEMH

B Ta3u Touka e AaeHO OMpENeICHHETO W Ca pasriieflaHd XapaKTePUCTHKUTE Ha ¢IHA THUIIMYHA
kubep-pusuuna cucrema (Cyber Physical System: CPS), BkirouBamia (Gpu3M4eCKd KOMIIOHEHTH,
CEH30pH, WM3YUCIMTEIHH YCTPOWCTBA M KOMYHHKAIIMOHHA MpPEKa, KOUTO JaBaT BBH3MOXKHOCT
bu3HUECKHUAT CBAT Ja ObJe HAOII01aBaH, KOHTPOJIMPAH U MOBJKSH Bh3 OCHOBA Ha BIPAKIaHETO Ha
HHTEIMTEHTHOCT, C Ie] aJalTUpaHe, CaMOOPraHU3UpaHe U €BOJIIOMPAHe Ha cucTeMara. AKTyaiaHa
nedunuims, kosto cBbp3Ba 10T ¢ CPS u choTBeTHHTE XapakTepucTHkH, ¢ naaeHa B [39]: ,,CPS ca
cucmemu, Xapakmepusupawu ce ¢ MmACHA KOMOUHAyusi om, U KOOPOUHAYUSL MEJCOY, MPedHCO8U
cucmemu u Quzuyecku cucmemu. Upes opeanuunama unmezpayus u 3a0v1604eHama Koiabopayus
Ha uzducaumentu, Komynukayuonnu u ynpaeissawu (Computation, Communications and Control:
3C) mexnonocuu me pearusupam uHGOPMAYUOHHUME, CEH30PHUME U OUHAMUYHUME YAPAGIASAUU

¢

qbyHKl/;MOHCl]ZHOCI’I’lM HA 2coleMU UHIHCEHEPHU CUCMEMU 68 pediHO 6peMe. “

1.5.2. UWAN kato kubep-puznyna 0e3:Ku4Ha CHCTeMA 32 JOCThI

Karo ce umar npensun neduuunuute 3a CPS, nagenu B [38, 39, 40], kakTO M H3JIOKEHOTO B
IpeauIlHaTa TOYKa, 3aciayXaBa Ja ce OTOeNeXH, Ye OCHOBHUTE XapakTtepucTuku Ha CPS morar na
ObJaT OTHECEHU KbM elleMeHTUTe 1 B3aumoaencTBusTa Ha UWAN ot ®urypa 1.6, kato Hanpumep:
BXOJ] U BB3MOXHa oOpaTHa Bpb3Ka OT U KbM (hpu3nyeckara cpesia; paslpesiesieHO YIpaBlieHHe U
KOHTPOJ; M3UCKBaHHMA 3a paboTra B peajlHo Bpeme;, reorpagcko pasmpeleieHue Ha
nH(ppacTpyKTypaTa; MHOTOCTETIEHHU CTPYKTYPH W XapaKTEpUCTUKU 3a YIpPaBJIEHHWE KaTo TE€3M Ha
cucrema, oOpadyBaHa OT MHO>KECTBO CHCTEMH; CIIOCOOHOCT 3a IMHAMUYHO MPEeKOH(UTypUpaHe Ha
LAJI0OCTHATA CUCTEMa BbB BPEMETO; HEMPEKHCHATO Pa3BUTHE HAa CHUCTEMaTa M0 BpeMe Ha paborta;
BB3MOXKHOCT 32 Bb3HUKBAIO MoBeaeHue. [lo coums Haunn kato CPS, eqxna UWAN TpsibBa chino
Taka Ja MOXE Ja ToJepupa OTKa3HM M TIOBpPENH, IIyM, HECUTYPHOCT, HETOYHOCT, aTaku B
CUT'YpHOCTTA, JTUIICa Ha Nep(eKTHA CHHXPOHU3AIM, MalabupyeMoCT, OTBOPEHOCT, HapacTBaIllara
CJI0)KHOCT, XETEPOr€HHOCT U HECBBbp3aHOCT. HAKOM OT Te3u BBIPOCH ca CBBbpP3aHM C XOpara KaTro
notpebutenu B TakaBa CPS. Kakto Geme orbOensizano, B enHa CPS 4oBekbT, HE3aBUCUMO JallU €
4acT OT BepUraTa Wid B IIEHThPA, 11[€ BHACS HECUTYPHOCT U HETPEACKa3yeMOCT B CCTeMara U Te3u
npo6siemMu Ouxa MOTIJIM Jia Ce peniaT ¢ BbBeKJaHETO Ha nHTenureHTHocT B CPS, kxoeTto 11e no3Boau
paboTa B AMHAMUYHO INPOMEHSIIM C€ YCJIOBUS M 1€ JaZe Bb3MOXKHOCT Ha cHcTeMara Ja ce
amanTHpa u eBostorpa. O606maBaiiku Bcuuko ciomenato no-rope, UWAN moske na ce Bp3npuema
karo CPS c¢ ympaBnsema oOpaTHa Bpb3Ka U MOTPEOUTENH, KOUTO BHBEXKIAT CTOXACTUYHOCT BBHB
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Bepurara Ha cucreMata. Upe3 m3MepBaHHs Ha ACHWCTBUSATA HA MOTPEOUTENUTE, HAOIIOJCHHE Ha
napaMeTpuTe Ha OKOJHATa cpena W (Pu3ndecKuTe (CBbpP3aHM C KOMYHUKAIIMOHHUS KaHaw)
napameTpH, MpujiaraHe Ha METOIU 3a aHAJIM3 Ha JaHHU 32 OTKPUBAHE HA MTOTPEOUTEIICKH MOJICITH Ha
MOBE/ICHUE W HABUIIM, U Ha OCHOBATAa HA MpWIAraHe Ha pelieHus, Oazupanu Ha Al, TakbB THUI
Kubep-guzuuecka beszxcuuna cucmema 3a odocmwn (Cyber Physical Wireless Access System:
CPWAS) moxe 1a mpeo/1ojiee CTOXaCTHYHOCTTa B CBOSTA BEPUTa U J1a MPEIOCTABH BCHYKH MCKAHU
ycinyrd Ha cBouTe notpedutenu. CnocooHoctTa Ha Tazu CPWAS na ananusupa u u3Be/e 3HaHHE 3a
MOTPEOUTENICKOTO MTOBENICHHE, ICHCTBHUATA U TIPEANIOYUTAHHATA, [l OBJIe OT peliaBamo 3HaYeHUE,
3a J1a Jajae BB3MOXKHOCT 3a aBTOMATH3MpaH M WHTEIMICHTEH KOHTPOJ Ha CBBP3aHOCTTA M
MPEIOCTABSIHETO HA YCIyTd, KOHTEKCTyaTu3upaHe Ha Oe3KWYHUS JOCTHI M HAKpas 3a MOCTHTaHE
Ha LIEJUTE U peau3aliisl Ha KOHLENIHATa 32 Xuep-cBbp3aHocT B SCS.

Qurypa 1.6 moxe na 6bpae ocHoBa 3a nedpunupane Ha mozaenu Ha TakaBa CPWAS, kouto na
OTpa3sBaT OCHOBHHTE W TapaMeTpd M (PYHKIIMOHATHHUTE B3aMMOOTHOIICHWS B Hes, C IEJ
aHAJIM3WpaHe ¥ ONTUMHU3UPAHE Ha HeiHarta paboTta. Monxenure TpsOBa Ja BKIIOYBAT MapaMETPUTE
Ha moTpeOuTeNcKara akTUBHOCT M ¢usnmdeckata cpena, VNC U M3YHCITUTEIIHUTE KOMITOHEHTH,
oOparHara Bph3Ka 3a YIpaBICHHE M CHOTBETHUTE HHTEepdericn Mexay TaX. V3TouHumure Ha
CTOXaCTHYHOCT M HEJICTCPMHUHHU3BM B TE3W MOJCIM I OBJAT CBBP3aHH C MOOMIHOCTTA M
MOBEJICHUETO Ha MOTpeduTenuTe, Gu3nyeckaTa cpejia, BapralusaTa Ha apaMeTpuTe Ha Oe3KHUHUS
KaHa (CMYILEHHs, JIATEHTHOCT, JDKUTEP Ha 3aKbCHEHHETO, 3ary0a Ha MakeTH U T.H.). B To3m
ClTy4dail MOTaT Jla Ce U3IOJI3BAT HAKOW OT OCHOBHHTE MOAXO0.IH 3a Mojenupane Ha CPS.

EnuH moaxonsm Mojen 3a CBbp3BaHE WMJIM MPHUHLMUI 3a aCOLMUpPAHE Ha JaJeH NOTpPeOUTeN KbM
enHa AP na CPWAS Ttpsa6Ba na ce Oa3upa Ha aJropuTMU C HHMCKA H3YHMCIMTEIHA CIIOKHOCT,
ocurypsBaiy 6e3npo0iIeMHO, TOBCEMECTHO, MOMEHTAJIHO CBBbP3BAaHE W HAJEKAHU MPOLEAYpU 3a
xeHaoBbp. Hopu npu umriementiupane Ha UWAN B equn 0baem SC, APS me uMat orpanmdeHa
oOcykBalia CrocOOHOCT W BB3MOXKHOCT 3a 00pabOTKa B pEaJlHO BpeMe Ha MOTPEOUTEJICKUTE
3asBKH 3a YCIYT'H. 3aKbCHEHHE INPH OTrOBOp Ha TaKWBa HMCKAaHUS 3a acouuupane kpM AP e
HETMPUEMITUBO 3a CJIOXKHA Cpefia, TakaBa kKaTo Ta3u B SCS ¢ pa3IMyHH TUTIOBE OTPEOUTENH - XOpa U
mammHU. Kakto e oT0ens3aHo B NpeAMIIHUTE pa3lieNd, 3aAbDKUTETHOTO CBBP3BaHE Ha
notpebuten ¢ AP M Bpb3ka B peajiHO BpeMe U 6e31polieMHo npenaBaHe oT eaHa AP KbM Jipyra
€ 331bJDKUTENTHO, KoeTo o3HayaBa, ye CPWAS T1ps0Ba na pyHKIIMOHUpPA KaTo cucTeMa 0e3 OmaiIku
u Onokupane. OcBen ToBa, CPWAS ce ouakBa 1a mmMa HEOOXOIMMOTO YIpaBlICHHE U Ja
(GbyHKIMOHHMpA TI0 TaKbB HAYWH, Y€ J]a MOXKE JIa MPEJOCTAaBU AITEPHATHBH TPU aCOIMHPAHETO Ha
noTpeduTenu KpM ABe Wi moBede APS. Becuuko ToBa mpenmnoara, ye nmojgo0Ha cucrema TpsioBa aa
npuiara eQpeKTUBHN ¥ TUHAMAYHA MEXaHU3MH 32 acOolMUpaHe Ha MOTPEOUTENN U yIpaBJIeHUE Ha
pecypcute. VIMITIEMEHTHpAaHETO HAa CXEMH 3a JUHAMUYHO acCONMWpPaHE HA €IUH WM Tpyma OT
noTpeOuTeNnd KbM eAHa win noBede APS, KakTo M e(QEeKTUBHH CXEMU 3a YIpaBICHHE U
npenocrabsiHe Ha pecypcu 3a CPWAS moxe 1a ce ocHOBaBa Ha OIpe/ielisiHe Ha Pa3IuyHU (QyHKIIMU
Ha TIOJIE3HOCT 32 Pa3NIMYHU MapaMeTpu Ha cucTemara. Te Morar Ja ce CUMTaT 3a CTaTMYHH - B
3aBUCUMOCT OT peaJu3upaHaTa HHPPACTpyKTypa 3a Oe3KHuUeH JOCTHII WIM 3a JUHAMUYHU -
CBBP3aHU C KOMYHUKAIIMOHHUS Npodui1 Ha MOTpeOuTennTe (Xopa M MAIllMHK), KOUTO Ca TIOMCKAIH
yemyra. TakuBa yHKIIMM Ha TIOJIE3HOCT MOTAT Jia C€ M3IOJ3BAT 3a MOCTHTAaHEe Ha ONTHMAIHO HUBO
Ha ocurypsiBane Ha cBbp3anoct (Optimum Level of Performance: OPL) na CPWAS, koeto mMoke
7la ce OIMILE KaTo IiejeBa (PyHKIMS 110 CIeIHUS HaUUH:
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k
OPL = func UETi,Z UEA;, UELoc;, MAX [uf,(ST;, p;, B,)] (1.1)
j=1

kpaero UET; ce otnacs mo tuma Ha motpeduren i, ZUEA; kpM morpeburTenckaTa akTHBHOCT,
UELOC;j € moTpeOHTEICKOTO MECTOIOIOKEHHE 10 OTHOIIEHHE Ha Hanmuuaute APS, uf; e pyukuus Ha
MOJIC3HOCT, M3UCKBaHa OT morpeburen i, ST; ¢ Buaa Ha yciyra (r1ac, JaHHH, TEKCT, H300pakeHHeE,
BHJICO0), Pi ca IWHAMHYHHTE TapaMeTpd, TaKhBa KaTO TEKYIIOTO CBHCTOSHHE Ha KaHaja,
MOOMITHOCTTA Ha MOTpeOuTeNns W T.H., a P, ca cratuuHMTe mnapaMeTpu B 3aBUCUMOCT OT
KOHKpeTHaTa uHppacTpykTypa Ha AN.

To3u mogxon onucBa paborata Ha CPWAS karo HenmpekbCcHAT Ipolec C TUCKPETHH YIPaBIISBAIIH
BB3JICHCTBUS, Oa3UPaHU HA BUJIOBETE MOTPEOUTENHN M CTOWHOCTUTE Ha (YHKIIMUTE HA TOJIE3HOCT.
To3u mpHUHIAII 1IIe TO3BOJIH NPUJIATaHETO Ha MPOTHO3HM aHAJIM3H Ha JaHHHM C IeJT O0JICKYaBaHe Ha
mpolieca Ha B3eMaHe Ha penieHus. BxomHata wHpoOpMaIs 3a onpeiesHe Ha HOBO ChCTOSHHC Ha
cUCTeMara € CBbp3aHa ¢ oOpaTHaTa Bph3Ka OT CIIEJICHE Ha ChCTOSHHUETO Ha (pu3mdeckara cpena u
MOBEJICHHETO Ha moTpedutensa. Karo ciencTBue, yrnpapisBamioTo BB3JICHCTBHE IIE € pe3ysiTaT OT
ONTUMHU3AlMOHHATa Tpoueaypa Ha 1eneBata ¢yukuus (1.1), T.e. , 00cryoceane Ha
nompebumenckume 3aA6KU 3d Acoyuupame ¢ pasHo uiu no-0ooopo om owceranomo QOS, xkamo
CHUEBPEMEHHO Ce MUHUMUSUPA U3NO0I36aHemo Ha pecypcume Ha AP “.

1.6. 3akaouenue

B®3 ocHOBa Ha HampaBeHMs aHAJIN3 HA PA3BUTHETO Ha MPEXKUTE 32 JOCTHII OT CJICABAILIO MOKOJICHHUE
(Next Generation Access: NGA) 1 oTyuTailki JUHAMHUYHUTE KOMYHHKAIIMOHHH CIICHAPUU B CIMH
SC ce mpeiara BIKJIAaHETO, Y€ XapaKTEPHO 3a JIOCTHIIA J0 TEICKOMYHHKAIIMOHHUTE PECYpCH B
Oopgemmre SCS, e € HATMYMEeTO Ha MHOTO0 BHCOKA IUTBTHOCT HAa KOMYHHUKAnWOHHU APS,
XETePOreHHOCT U MOOMIIHOCT Ha TOTPEOUTENH, U Ye TPAKTUIECKH TOH IIe C€ OCHIIECTBSBA Upe3
€BOJIIOMpaHU KOHBeprupanu OeskieTbuHM ANS. B To3u aucepranyioHeH TpyJ € MpelcTaBeHa
KOHIICTIIUATA 3a CTPyKTypara W (yHkiuonanHoctta Ha enHa AN, napeuena Unified Wireless
Access (UWA). 3a pasnmuka OT KOHBEHIIMOHAIIHATA AapXUTEKTypa Ha KIETHYHUTE MPEXKH,
OnarosapeHue Ha MpoMsiHATa Ha KieThbuyHata MHOpacTpykTypa, B eqHa UWAN apxutekTypa 1me
MOJKE J1a c€ Pa3paboTsIT U UMILIEMEHTUPAT XapaKTEPUCTUKU U (DYHKIIMOHATHOCTH, TAKWBA KaTO:

v\ ThBKaBH CXEMH 3a acOlNMMpaHe Ha MOOWJIHHU TMOTPEOUTENM M MOJXOAU 32 KOOMEPATHBHO
IpYyNoOBO CBBbp3BaHe Ha notpedburenu u APS;

v MHOBaTWUBHU TOJXO/IM 3a CIIOJICIISTHE U YIIPABICHUE HA PECYPCHU, YChBBPIICHCTBAHN METOIH 3a
npenasane (Takusa karo: MacuBHO MIMO, ¢opmupane Ha Jrb4a, KOOPIMHUPAHO MpEaBaHe U
JIp.) 1 UHTEJIMTE€HTHO YIPABJIEHHUE B PEAJIHO BPEME;

v’ unarenurenTHocT Ha AN, GasupaHa Ha CHOMPAHETO M CIIMBAHETO HAa CEH30PHH, MOHUTOPUHTOBU
u OAM nannu, 00paboTKa U aHaU3 Ha rojiemu 6a3u ot nanHu (Big Data: BD), u npunarane Ha
AITOPUTMH 3a MalIMHHO 00yuenue, Al u n1p.;

v’ paspaboTBaHe W MHTETPUPAHE HA HAJCKIHHU U TOYHH TEXHUKH 338 MOJICIUPAHE U MPEICKa3BaHe
Ha TOTPEOMTEICKOTO MOBEACHHE, 4Ype3 HU3MEpBaHUS Ha JeHCTBHATA Ha IOTpEOUTENHUTE,
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HaONIOZICHUE Ha TapaMeTpuTe Ha OKOJHAaTa cpeaa ©  (Qu3nyeckuTe (CBBpP3aHH C
KOMYHUKAaIIMOHHUS KaHall) napaMeTpu, aHanus Ha BD 3a oTkpuBane Ha Mojeny.

1.7. 3apaum Ha qUcepTALMSITA

Bb3 ocHOBa Ha W3NMOKEHOTO B Ta3W riaBa W npemioxkenus monen Ha AN karo emna CPWAS,

AUCCPTANUOHHUAT TPY/J CU IMOCTAaBA CIICAHUTC OCHOBHHU 3aJavu:

1.

Ha ce mpeuioxkaT HOBU CXEMH 3a aCOLMUpaAHE, IPyNUpaHEe W KOOIMEepaTUBHA KOMYHUKAIIUS Ha
norpeburenu u APS B CPWAS. Cxemure nga Morar Ja OTYUTAT MPOCTPAHCTBEHOTO
pasmnpenencane Ha notpedurenuTe U APS M CchcTOsHHMETO Ha OE3KMYHUTE KaHAIM W Ja ca
0a3upaHy Ha aJITOPUTMH C HUCKA W3YUCIUTEIHA CJIOXHOCT, OCHTypsBaIlud 0e3mpoOiIeMHO,
MOBCEMECTHO, MOMEHTAIIHO CBbP3BAaHE U HA/ICKIHU MIPOLIETYPH 32 XEHOBBP.

Jla ce mpemiokar moaxoan 3a chOupane, 00paboTKa U aHAIN3 Ha CEH30PHU M MOHHUTOPHHIOBH
JAaHHW, KOWUTO, 3a€JHO C TEXHHWKH 3a MOJCIHpPAHE M IPEACKa3BaHEe Ha IMOTPEOUTEIICKOTO
noBefeHue U npuiarade Al anroputmu, e mo3BoJsSBaT KOHTEKCTyalH3UpaHe Ha OC3KUUHUS
JIOCTBII, MPOTHO3UPAHE HA ChCTOSHUETO, afanTaius u esomronus Ha CPWAS.

Jla ce mpemioat METOJIM 3a CHOJCISHE M YINPaBICHHE Ha PECYpCH, KOMTO Jia MO3BOJSBAT
e(EKTUBHO W3IOJ3BaHE Ha OE3KMYHUTE BB3IAYIIHM WHTEPPEHCHU pecypcH, OasupaHu Ha
BBBCKJIAHETO Ha KOTHUTHBHU XapaKTepHCTHMKH W wuHTenureHtHoct B CPWAS, ¢ ornen
OCUTYpSIBAHE Ha TIIOBCEMECTHA CBBP3aHOCT M HYXHHS KalalMTeT, T.C. peaju3aius Ha
KOHIICIIIUATA 32 XUIIEP-CBBP3aHOCT.

1.8. TlpuHOCH KbM IBbPBA IJIaBa

1.

M3BbppuieH € aHanm3 Ha pasBuUTHETO Ha ANS M ca HampaBeHW apryMEHTUpaHU W3BOJIU 3a
HeBb3MOkHOCTTa NGA MpexuTe, pa3BuBaly ce Ha Oazara Ha koHBeprupanu HetNets u 5G
0€3:KMYHU MpPEXKH, Ja OTTOBOPAT HA H3MCKBAHUATA, HAJOKEHU OT €IWH XUIEep-CBbP3aH,
pa3HoOOpa3eH W WHAMHUYEH CIIEHApUW 3a JOCTHII TAaKbB, KaKbBTO € To3W B eauH SC Ha
ObIeeTo.

Hedbunupanu ca ocHoBHHTE Xapaktepuctuku Ha AN B Opaemure SCs, Ha 6a3aTa Ha KOUTO €
pa3BuTa KOHIICTIMATA 3a CTPyKTypara M (yHkuuoHamHoctra Ha eqHa AN B SC u HeiiHaTa
SBOJIIOLIMATA KbM T.H. Oe3KJIeThueH yHupHuuupan oexnder nocton (UWA).

Ha 0a3ara Ha cpaBHUTENHA OLIEHKA Ha XapaKTepUCTHKUTE U (yHKIHoHamHocTTa HAa UWA ¢
Te3sn Ha enHa wmamabua CPS e mpennokeH HOB TMOAXOJ 3a MOJACIHMpaHE W aHAIW3 Ha
pabotocrocobHocTTa Ha TakaBa UWA apxwurektypa, HapeueHa CPWAS, ocHoBaBaia ce Ha
KOHIENIINHTE 3a u3rpaxkaane u Gpynkunonupane Ha CPS.

I'JIABA 2. Cxemu 3a acouuMpaHe, pynnupaHe ¥ KOONEPATUBHA KOMYHHMKAIUA

B CPWAS ¢ HHCKA M3YMCJIUTEIHA CJI0KHOCT

CPWAS, kato cuctema 3a oOCIyXBaHe, TpsOBa Ja MpeaoCcTaBs BB3MOXKHOCT 3a CJEJCHE Ha

TEKYIIOTO MHOXECTBO 3asiBKU U MpepasnpeaessHe (IMHaMUYHO acOllMMpaHe) Ha HaTOBAapBAHETO 110
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OTHOIIICHHE MHOKECTBOTO HA aKTHBHHTE OOCTY)KBAIlM €IIEMCHTH, T.e. TOUKH 3a gocThll (APS). B
CPWAS TtoBa me e enna ot ocHoBHuTe (pynkmmu, 3anoxenn B ANOS, ¢ men ma ce ocurypu
oOciy’)kBaHe Ha BCsKa MOTpeOUTENCKa 3asBKa Oe3 yakaHe (0e3 OJIOKMpOBKH). B Tasu riaBa ce
npejiiara perieHre Ha mpoojeMa 3a TMHAMUYHO YIIPaBJICHHE HA CBBP3aHOCTTA, OT €IHA CTpaHa Ha
0a3aTa Ha HOBH IOJIXO/IM U CXEMH 3a aCOLMUPaHE Ha MOTPeOUTEeNU U rpynupane Ha APS, a oT apyra
Ha OCHOBaTa Ha TOJXOJIM 3a pealH3alus Ha rpylnoBa KooreparuBHa pabota Ha APS ¢ men
OCUTYpsSIBAHE Ha HEOOXOJUMOTO IOKPUTHE 3a TPEJAOCTaBSIHE HENpPEKbCHATa CBBP3aHOCT Ha
norpeOutTenu. CXeMHuTe Ce OCHOBABAT Ha METOIW 3a IMPOAKTUBHO YIPABICHHE M JUHAMHYHO
cBbp3BaHe Ha APS KbM Ha0Op OT MOTPEOUTEIICKH 3asBKH 32 aCOLMUPAHE U METO/IH 3a TPyIHpaHe Ha
APs u ca peanu3upaHu uYpe3 EBPUCTHYHH AITOPUTMH C HHCKAa HW3YHCIUTEIHA CIIOKHOCT H
AQHAJMTUYHH TIOJXO/H, KOUTO Jla MOTaT Jia OCUTYpAT Oe3npoliieMHa, IOBCEMECTHA, MOMEHTAIIHA U
HenpekbcHaTa cBbp3aHocT B CPWAS.

2.1. EBpUCTHYHHU MOAXOH U AJITOPUTMH 32 THHAMHYHO aCOIMMPAHE HA MOTPeOUTEH
U rpynupase Ha APS

OcHoBHaTa wjaes Ha METOOUTE C TUHAMHYHO acOIMMpaHe Ha IMOTPEOUTEIMTE Ce OCHOBaBa Ha
JIOIYCKaHETO, Y€ € BBH3MOXKHO apXHUTEKTypaTa Ha CHCTEMaTra Ja Ce aJanTHpa 4Ype3 TUHAMUYIHO
ynpasisBamo Bb3aericteue (Dynamic Control Impact: DCI). Ilenra va DCI ¢ nga ce ocurypu
oOciyxBaHe 0e3 OydepupaHe Ha BCHYKH TOTPEOUTEIICKM 3asgBKH B PAMKUTE Ha €IWH KpacH
unrepBai or Bpeme [Al0]. OrmpaBHata TOYKa 3a pa3paboTBaHe Ha MOjeIa 3a JUHAMHYHO
aconuupane ce 6a3upa Ha Teopus Ha rpaputre 1 CPWAS ce pasriiexxa KaTo TErJIOBEH HEHACOYCH
rpad. 3a nmpuiarase Ha MoJelia 3a TUHAMUYHO acOI[MMpaHe B PEATHO BpeMe € HEOOXOAUMO Ja ce
pa3paboT HOB W/MIU Jda ce Moauduiupa CHIIECTBYBAIl AITOPUTHM, KOWTO Ja KOMOWHHUpA
npeauMcTBaTa Ha Egpucmuynomo Konyewmpupawe, Jluneiinomo npoepamupane n Teopusma na
epagpume [75].

2.1.1. XapakTepucTHYeH MOJieJ HAa 00CyKBAILUTe CBOiicTBa Ha APS

[Ipn nuHamMuyHO acouuupaHe Ha APS KbM MHOXECTBOTO Ha IOTPEOUTENICKMTE 3asiBKU 3a
obciyxBane, ,uaearHoTo” DCI e ToBa, KOeTO B paMKHTE Ha BCEKH CJIOT IIE€ OCHTYPU TaKbB
apxutektypeH npodun Ha CPWAS, nipu ko#iTo BCsika 3asiBKa IIle ¢€ acoluupa 3a 00CITy>)KBaHE KbM
AP ¢ paBeH WM TIO-TOJISIM CBOOO/ICH KarauTeT OT HHTEH3UBHOCTTA HA TIOCTHIIBAHE HA 3asBKHUTE 32
acouuupane. Hali-61u3bK 10 TO3M ,,uieaeH apXUTEKTYpeH NPOopuUII € MOAEIBT 32 00CIyKBaHE OT
tun ,,1:1%, T.e. Opoar Ha APS e paBeH MM MO-TOJSIM OT MaKCHUMajdHHs Opoil Ha aKTUBHUTE
NoTpeOUTENCKU 3asBKU 3a aconuupane. [Ipu neguHupaHeTo Ha TakbB MOJEN ce NpHEMa, ye 3a
Bcsika AP morar Ja ce u3BeAaT Hal-MaJKO JIBE€ OCHOBHHU CBOWCTBA, KOMTO Ja sl MPEACTaBAT B
npolieca Ha JUHaMUYHO acolMupaHe upe3 npoakTuBHO ynpasienue ¢ DCI [A4]:

v HopMa Ha npuseluuane — HAW-TOIAMOTO Pa3CTOSHHE, OT KoeTo eqHa AP Moxe Ja OCuUTypu
oOciy’kBaHe 3a JIafieH notpeduren. Hopmama Ha npueiuuane e c8oucmeao, Koemo ce c8bp36a C
8b3MOJCHOCIMMA 3d ACOYUUPane Ha 0adex nompebumer,

v\ HOpMa Ha HacuwaHe — MAKCUMAIHOTO KOJIMYECTBO TMOTPEOUTENICKH 3asBKH C OIpeeeHN
cBoiictBa (Q0S), KouTo MOke 1a 00cayxu enHa AP 6e3 yakaHe 3a 00CiTy>)KBaHe B omainka. Tosa
CBOHCTBO MMa OTHOIIEHHE KBM Kanayumema 3a 00CIydlceaHe HA NompeOUmencKume 3ds6Ki,
KOWTO mputexana AP.
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Upes u3noi3BaHe HA TaKbB MOJIEI Ha MPECTaBsIHE HA CBOiicTBaTa HA APS € Bb3MOXKHO J1a C€ pelu
crenHara 3anava: [lpu npedsapumenno u3gecmHu NOMPeOUmMencko MHONICeCME0 U MONOA0US,
KAKmo u xapaxkmep u napamempu Ha 3aseéKume 3da acoyuupaue, 0a ce oepuHupa eona egpekmuena
cmpykmypa Ha cucmemama 3a obcayaceare. B Tasm Bpb3ka, apxurekrypata Ha CPWAS cbe
cpoTBeTHUTE APS TpsiOBa a MOXKe J1a ce yrpaBisiBa JUHAMHYHO KaTO B PAMKUTE Ha BCEKU BPEMEBU
CIIOT cucTeMara ce KOHGUTrypHupa MO HAYUH, OCUTYpsBAIl BbH3MOKHOCT 3a YJOBIIETBOpSIBAHE Ha
ycinoBueTo 3a edekTuBHO ympaBieHue Ha CPWAS, T.e. 6esnpobremHo u noecemecmuo
o0cnydceane Ha 8CUUKU NOMPeOUmMeNcKU 3asA6KU 3a acoyuupane u npedocmassite Ha YCiyeu Cbe
3aseenomo QoS upe3 onmuMaiHo u3non3eane Ha pecypcume Ha ecsaka eona AP.

2.1.2. MoaeJj 3a JHHAMHYHO aCOIMMPaHe HA MOTPedUTE U U rpynupane Ha APS

MonenbT, KOWTO ce Tpejsiara, e OCHOBaBa Ha Bede JepuHUpaHuTe ABe 0a30BU cBOWCTBA Ha APS —
HOpMA Ha NpueluvaHe W HOpMa Ha Hacuwane. B Monena CBOHCTBOTO HOpMA HA Mpusiuyane ce
NPEJCTaBs upe3 ,,Me2N08HA MAMpuya Ha cévp3anocmma, N3MON3BalKA TEopHusiTa Ha rpadure.
Termoto Ha Bcsika JIbra ce mpecMsiTa B ChIllaTa METPUKA, B KOSATO C€ M3MEPBA U CBOMCTBOTO HOpMA
Ha npusenuuare. I1o To3u HaumH, Ha OazaTa Ha €IHA ,,/Me2106HA MAMPUYA HA C8bP3AHOCMMA', Cce
IIpaBM OLIEHKA 3a I'PaHUIMTE Ha 30HaTa Ha 00ciykBaHe Ha Besika AP. B mojena cBoicTBOTO Hopma
Ha Hacuwjaxe ce TIPEACTABS Upe3 ,,/me2l06Ha mampuya Ha ev3iume 6 epagha‘, onucpama CPWAS.
TeryoTo Ha BCEKU BB3EII € MOJIOKUTEITHO YUCIIO, ChOTBETCTBAIO HA HOpMama Ha Hacuujane Ha AP
(B CHOTBETHAaTa METpPHKAa 3a KalalMTeT, MPOIYCKaTelIHA CIIOCOOHOCT WM JAPYr MPHIOKUM
W3MEpUTENT 32 KOJIMYECTBEHATA IPaHUIAa HAa TPEIOCTABSIHUTE PECYPCH), WU € HyJa, aKO Bb3EIbT
NpeacTaBs MOTpeOUTeN, TeHepupaml 3asBKa 3a aconuupane u ooOcmyxksaHe. [lo To3um HaumH B
Mojenia ce AeuHUpaT aBa THIMA BB3IM — OOCHy)XBaHU (rmoTpedutenu) u obcmyxsamu (APS),
MIPEJICTaBeHU CHOTBETHO C HYJIEBAa M HEHYJIEBAa CTOMHOCT Ha CBOWCTBOTO HOpMA HA Hacuwaue. 3a
dbopmupaHe Ha mealosHama Mampuya Ha C8bP3AHOCMMA € HEOOXO0AUMO Na ce aeuHupa 1enesa
GbyHKIHMSA, KOATO Ja OoTpas3siBa crneuudukata B MexaHuzMa Ha ¢yHkunonupane Ha CPWAS kato
crcTeMa 3a MPeJoCTaBsHE Ha CBbP3aHOCT.

[TpomennuBaTa BeJIMYMHA B MOJIEIa U CHOTBETHO BBB ()OPMATHOTO MY TIPEACTaBSHE KaTO 3ajaJa 3a
JUHEWHO mporpamupane e ,Jabauyama na acoyuupamemo‘ wma ,,Mampuyama Ha
acoyuupanemo “. Mampuyama na acoyuupanemo A e nBymepHa marpuua ¢ pasmepHocT NXM,
kbaeTo N e 6post Ha 0OcyXBaHUTE Bb3/IU (oTpedutenure) B rpada, a M e 6post Ha oOcimyXBalUTe
B3 (APS) B rpada. Mampuyama na acoyuuparnemo e HeOOXOIUMO Ja C€ ChCTaBH 10 TaKbB
Ha4yWH, Y€ JIa MPEeIoCTaBsl €IHO3HAYHA W aKTyaidHa umHpopmarus 3a ToBa OT kKo AP mie Obaar
00CITy’)KEHH 3asiBKUTE Ha BCEKH €IMH MOTPEOWTENl B paMKWTE Ha ClieABamus BpeMeBH cioT. Ot
MpaKkTH4ecKa rieHa Touka, Mampuyama na acoyuuparemo ¢ puzmdeckus u3pas Ha DCI xato BbB
BCEKH BPEMEBH CIIOT Ta3W MaTPHUIIA CE aKTyaTH3Hpa.

KirodoBusT eneMeHT Ha Mojena 3a AMHAMUYHO acOLMMpaHe W TpynupaHe € neGuHupaHeTo Ha
yenesa ()ynkyus 1 CbOTBETHATA ONMUMUSAYUOHHA 340aYd.

Llenesa ¢pyHKkyus 3a JuHAMU4YHO acoyuupaHe Ha nompe6ume.u u cpynupaHe Ha APs
[leneBara ynkius ce Gopmupa Ha OCHOBAaTa Ha TPHU ,,YeHOBU KOMIIOHEHTA, OT KOWUTO CIHWH €
CTaTUYeH U J1Ba ca AuHamMuuHu. LleneBata ¢yHKkuMsa oTpassBa ,,00wama yexa* 3a acouUUpaHe U
npejocTaBsHe Ha 3asBeHUTe yciyrd U QOS Ha naneH morpeburen | kM aaaeHa AP |, oTnanedena
Ha pas3crosiHue djj oT moTpeburen i
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Objective Function = Ps(i,j) + Poan (i, j) + Pap(j), (2.1)

kpaero Ps(i, J) e ,,uenama 3a obcayocsane’, Poaw(i,j) € ,,OAM yenama®, Ppp(i,)) € ,,uenama na
APs*. ITppBuAT WiIeH Ha 1eneBaTa GyHKIHS oTpas3siBa nuHamukata Ha CPWAS ot riegHa Touka Ha
pecypcuTe, KOUTO e ca HeoOXOIUMH 3a oOe3reyaBaHe Ha 3asgBEHUTE OT MOTPEOMTENUTE YCIYTH
Ipu onpezaeneHa oT Mampuyama Ha acoyuupanemo cxema 3a o0CIIy>KBaHe, T.€. KOil moTpeOuTen ot
kosi AP me ce oGciyxBa. BropusT u Tperuar wieH Ha neieBara (GyHKIusS npeacrasat ,,OAM
yenama™ Ha AP u mpunexama My HHOPACTPyKTypa B 3aBHCHUMOCT OT OOCITY)XKBaHHUTE
NOTPeOUTENICKH 3asBKU, KOUTO ca CIIEACTBUE OT acoruupanero. Kakro e otOens3aHo B mpeauiIHara
rnaBa, CPWAS e ,,6e3kierpuna® cTpykTypa U €IUH MOTPEOUTEN B AaJ€H BPEMEBH CIOT MOXKE Ja
Obze aconuupad KbM IoBede oT exana AP, Hanpumep 3a pa3IMYHUTE NOCOKH Ha Tpe/laBaHe WM B
ciydail Ha KOOIIEpAaTHBHO OOCTy)XBaHe OT HSAKOJIKO APS ¢ menm ocurypsiBaHe Ha HEOOXOIUMHS
KaIarureT.

Onmumu3ayuoHHa 3ada4ya 3a OUHAMUYHO acoyuupaHe HA hompe6umeJau U 2pynupaHe
Ha APs

Ilenta Ha onTUMHU3AIMOHHATA 3a/la4ya € Jla c€ HaMepu BUABT Ha Mampuyama Ha acoyuupanemo
(MaTpU4yHa MTPOMEHJIMBA B 3ajJlavyara), IPU KOSITO CTOMHOCTTAa Ha IesieBaTa (PYHKIUS TOCTUTA CBOSI
MUHHMYM, YIOBJICTBOPSIBAHKU OINPENEIICHU YCIOBUS, KOUTO Ca CICICTBUE OT OrpaHHUYCHHSITA TIPU
¢dynkunonupane Ha CPWAS kato cucrema 3a o0ciyxBane 0e3 0JIOKMpOBKU. ONTUMH3AIIMOHHATA
3aja4a ce ChbCTOM B HAMHUPAHETO HA TaKoBa MOAMHOXecTBO OT P aktuBHH APS, Xp € Xy u Xp = {1,
..., P}, 3a Koero oboOIeHaTa eneBa GyHkiws (2.3) moayyaBa MUHUMAIHOTO Bh3MOYKHO 3HAYCHHE
IIPU ONpEIeNICHH MPaBUIIa U OTPAaHUYCHHS, HAJIOKEHU OT JIuHellHomo npocpamupane, Hopmama Ha
npueruuare Ha APS n nopmama na nacuwane (xananurera) Ha APS, otuuraiiku dakxra, ye APS
TpsOBa J1a 00CIyKBaT MOTPEOUTEICKUTE 3asiBKU Oe3 Oydepupane.

Otunraiiku cnemudukure Ha CPWAS kato cimor 0a3upaH MexaHU3BM 3a oOCTyXBaHe 0e3
Oydepupane u npoaktuBHO ympaBieHnue ¢ DCI, B obobOmienata meneBa ¢yHKIHS, OTpa3siBalia
JUHAMHYHOTO acouuupaHe Ha APs KbM MHOKECTBOTO Ha MOTPEOUTEICKUTE 3asIBKU 32 0OCITyKBaHe,
¢ HeOOXOIMMO J1a Ce OTpa3H JHHAMHKATa B PAMKUTE Ha €MH BPEMEBH CIIOT 3a o0cmykBaHe (Alg):

N(Ats) p(Ats) p(Ats)
Zapc (Aty) = z Z a;; (Atg)w;;(Ats) + Z yi|[Vstat; + Vd;(Aty)]
i=1 jEXp JEXp
(2.12)
N(Ats) p(Ats) p(Ats) N(Ats)
= z z aij(Ats)Wij(Ats) + Z 3’1 VStCltj +f Z aij(AtS)Wij(Ats)
i=1 j€EXp JEXp i=1

Upes mpunarane Ha pa3pabOTEeHUs] MOJEN U MUHUMH3UpaHEe Ha oOoOmeHaTa meneBa GyHKIHUS OT
n3pa3 (2.12) ce pemanar aBa KJIOYOBU BHIIPOCA, CBbP3aHHU C IWHAMHUKATA Ha KOH(PUTypaIusaTa Ha
CPWAS xato cucrema 3a obciyxBane ¢ npoaktuBHO ynpasienne u DCI. [IppBusT € cBBp3aH ¢
onpezensHe Opos Ha akTuBHUTE APS (MenuaHuTe) B paMKUTE HA CIIEJBAIIMS CJIOT, a BTOPUAT —
cb3naBaHe u cbxpaHeHue B ANOS na Tabnuma (kapra) Ha acOLMUPAHETO Ha MOTPEOUTENCKHUTE
3asBKH 3a CIEABALIMS CJIOT, T.e. KOH MOTpeOUTeN KbM KOsl akTuBHa AP WM rpyna oT TOYKH 32
noctbi (Access Point Group: APG) e aconuupan 3a o0ciyxBane. Cie1oBaTeIHO, ONTHMHU3AIUATA
ce TpaHcopMupa B IByrnapaMeTpuyHa u popMyIupaHeTo i € CBbP3aHO ¢ HAMHpaHe HA MUHUMYMa
Ha nesiesara ¢pyukuus [All]:
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N M M
j=1

i=1 j=1

Ocobenocrra Ha nesieBara ¢pynkunus (2.13) e Bropus 4ieH, KOWTO OTpassiBa ,,lieHaTa’ Ha aKTHBHHUTE
APs. Cnenuduynata orneHka Ha ,JleHaTa“ ¢ BBbBEXKJAHE HAa IMHAMHYHA chcTaBsima Vd; e
xapakTepHa 3a CPWAS u orpassiBa HeliHOTO ¢yHKIMOHUpaHe. [Ipuema ce, de ,,neHata* Ha AP B
paMKHTEe Ha TEKymHs cJIOoT € (QYHKOHS Ha OOCIYyXEHUTE 3asBKUTE 3a acollMhpaHe Ha
norpedutenute 6e3 OJIOKUPOBKH.

2.1.3. EBpUCTHYEH AJITOPUTHM 32 JHHAMHYHO ACONMUPAHE HA MOTPEOUTEH U IPyNUPaHe HA
APs

3a menMre Ha MHOTOIapaMeTpUyYHATa ONTUMH3alMs Ha neneBata (yHkuus ot uzpas (2.13),
OTYHTAlKU M (aKTa, ye 3ajJadata 3a HAMUpaHe Ha P-meauanu B TerjoBeH rpad e NP tpyana, e
HEOOX0MMO Ja ce pa3paboTH alropuTBhM 3a aCONMUPAHE M TPYyNUpaHe, KOWTO Ja OCUTYpHU
BB3MOXKHOCT 32 CIIHOBPEMEHHO HM3YHUCISBAHE Ha CTOMHOCTTA Ha P (Oposi Ha akTuBHUTE APS) U
ompezeassHe Ha Buaa Ha Mampuyama na acoyuupanemo A, npu kosto Zapc(p, A) nmoctura
MUHHMaJIHa cToiHOocT. Karo ce mma mpenua auHamukata Ha CPWAS u HeoOxomumocTTa OT
€pPeKTUBEH M C OTHOCUTEIIHO HHCKAa W3YMCIIUTEIHA CIIOKHOCT allTOPUTBhM, C€ IMpeJiara
MPUJIAraHeTO Ha EBPUCTUYCH aJITOPUTHM 3a JBYNapaMeTPpUYHA ONITUMU3AIMS Ha 11eeBaTa (PyHKIUs
(2.13), napedeH 1o cMmmchbla Ha mpuiaranata epprctuuHa npoueaypa — ADD/DROP espuctuka.
Ienta na ADD/DROP eBpucTHKa € [a C€ OIpe/eii TakoBa aOCOIIOTHO MEIUAHHO TTOAMHOKECTBO
ot APs B rpada G = (Xy U Xy, A) ¢ pasmep p u wicHoBe Xp € Xy, IPU KOETO IesieBaTa GyHKIHS OT
u3pas (2.13) moctura cBosiTa abCOMOTHA MUHUMAITHA CTOMHOCT [77].

2.1.4. Npunarane na ADD/DROP eBpucTHYEeH ajropuThM 32 THHAMHYHO ACONMHMPaHE HA
norpeduTe M U rpynupane Ha APS

Ha ®wurypa 2.2 e wiroctpupana 010k auarpamara Ha ADD/DROP eBpuctuveH anroputbM 3a

JMHAMUYHO acollMMpaHe Ha moTpeburenu W rpynupane Ha APS, mpunaraiiku ADD mponenypa.

[Tpunaraneto Ha ADD/DROP eBpuCTHUYCH anropuThM 3a acolMUpaHe Ha TOTPEOMTENH U

rpynupane Ha APS ¢ ornmen muHaMu4HO yripaBieHue Ha cBbp3aHocTTa B CPWAS e mmoctpupan

Ype3 CUMYNIAIMOHEeH eKCIIEpUMEHT. B Hero ca pasrienanu clieIHUTE CIIeHapUH:

* Cyenapuu 1. Hima orpaHudeHusi Ha NapaMeTpuTe Hopma Ha npueiuvane Paj u nopma na
nacuwane PSj. Beaka AP j moxke nma oOcmyxu Bcnuku morpedurtenu. [TozBoneHo e nmageH
notpebuTen i 1a Ob/Ie acorupan 3a 00CTy)KBaHE KbM MMOBEUE OT eHa akTuBHA AP,

*  Cyenapuu 2. Haima orpaHudyeHre Ha napameTspa Hopma xa nacuwjane PSj. Nma orpannuenue
Ha Iapamerspa Hopma Ha npusiuyane Paj. Besxa AP J Moxe nma obcimyxm dact oT
norpedutenure. [1o3BosieHO € NajeH moTpeduTen | ga ObJe acouuupaH 3a OOCTY)XBaHE KbM
noBeue oT efHa akTuBHa AP.

* Cyenapuu 3. Ilapamerpute Hopma na npuemuuane Paj m nopma Ha nacuwane PSj ca
orpannyeHu. Beska AP | Moxke 1a 00ciyXu dact ot notpedutenure. [laneH notpeduren i Moxe
na ObJ1e acoruupad 3a o0CIy)KBaHe caMo KbM eHa akTuBHa AP.

* Cyenapuu 4. Ilapamerpute Hopma na npusmuuane Paj m nopma Ha wmacuwane PSj ca
orpannuenu. Beska AP j mMoxe ma oOCIyKH 4acT OoT morpeburtenurte. [103BoJCHO € mameH
notpebuTen i 1a ObIe acolupan 3a 00CTy)KBaHE KbM IMOBEUE OT €Ha akTuBHA AP,

19



» Cyenaputi 5. Cpumsar KaTo cyenaputi 4, oTYdATaN] MOOWJIHOCTTa Ha TOTPEOUTEIHTE.
JleMoHCTpHpa OUHAMUYHOTO TpecTpyKTypupane Ha Qopmupanute APGS B cyenapuii 4,
OTYUTAWKA MOOMIIHOCTTa Ha TMOTPEOHUTENHTE B HIKOJIKO IOCIEIOBATEIHH BPEMEBU CJOTa,
HOJIbPKANKU CBBP3aHOCT U PeaTH3UpPANKy MPUHIINIIA “‘MpesKaTa CieBa MOTpeOuTems’ .

Ha Bcska crenka or ADD/DROP eBpucTHYHHS QJITOpPUTBM 32 JWHAMUYHO acOIMHpaHE Ha
notpeburenu u rpynupane Ha APS, mpunaraiiku ADD mponenypara, ce no6aBsi aktuBHa AP KbM
MEJIMaHHOTO MOJAMHOXKECTBO U ce cheTaBd Mampuyama na acoyuupane A. CbriiacHO JIOTMKaTa Ha
JIrOPUTHhMA, aCOLMUPAHETO MPOIBIDKABA, TOKATO CE MOJIyYHd TaKOBAa MEIUAHHO MOJIMHOKECTBO OT
aktuBHH APS, ipu koeto neneBarta GyHKIusa Zap(p, A) I0CTUTHE CBOS aOCOIIOTEH MUHUMYM.

Start
U3uucnsBane u ChCTaBsIHE:

Bpoii norpeduresnu: N; Bpoii APs: M;
Teruo Ha norpedurenure: WeightVector = [wi];
Matpuua Ha pascrosuusta: D = [djj]

BxopaHu naHHu:
Koopaunatu na UES u APs;

Vickanu yciyTH OT OTPEOUTENNTE U Winax; >

Ternosua MaTpuua Ha cbp3anoctta: W = [wi] = [wid;];
WHauBuayanHu cratndsy ,ueHn” na APs: VsVector = [Vsj];
Hopma na npusnnuane Ha APS: AttractionVector = [Paj];
Hopma Ha Hacumane va APS: SaturationVector = [Psj];
Xp = {3}, Pavsmin = 0, Appsmin = [I, Nassoc = 0, \

Zppc(Pabsmin, Aapsmin) = o0 N

v
‘ p=1 ‘ ﬂ IndexActiveAP = 0, A = [], Zupa(p, A) = ® 0

VHanBUlyanHu CTaTHYHH ,,lleHu" Ha APS;

Hopwmu Ha npusnuyane u Hacuiane Ha APS

Yes
< Yes
p<M i
Jlo6apsne Ha u3dpanara aktusHa AP weightSum =
(IndexActiveAP) For each AP j
KbM MEAHAHHOTO MOAMHOKECTBO Xp. weightSum; = 0
For each User i

weightSum; = weightSum; + w;;

Crerassme na A(p) IF weightSum; < weightSum Then

H3zuncasane Ha Nassoc weightSum = weightSum;
M3uncasBane Ha Zppc(p, A)j IndexActiveAP = j '

OtunTaiiku orpannuenus (2.5) o (2.11) End IF

Pasmin = Py Aapsmin = A,
Znpe(Pabsmin, Anpsmin) = Zara (P, A)

N

Cmwnka 1: U360p na cmapmosea akmusna AP

For each AP j
IF j € Xp and Ps; > 0 Then

Jlo6assiHe Ha APj kKaTo KaHAMIAT 3a akTHBHA AP

Cncrassine Ha A(D);
M3uncasiBane Ha Nassocj

Zppa(p, A) <
Zapc(Pabsmin, AabsMin)

M3uncasiBane Ha Zapc(p, A)j

Orunraiiku orpanmdeHnst (2.5) no (2.11)

IF Zapa(p, A)j < Zapc(p, A) Then
Zppa(p, A) = Zaps(p, A)is A(p) = Ap);,
Nassoc = Nassoc»
IndexActiveAP = j

End IF

No

Zppa(p, A) >
Zapc(p-1, Ap1)

KbM MEIMAHHOTO MOIMHOKECTBO Xp.

TIpemaxsane Ha AP} kaTo KaHauaar 3a akTuBHA AP

Yes

JloGassine na u3Opanara akrusHa AP (IndexActiveAP)

End IF

> End Cmwnka 2: [lo6assane na nosa akmusna AP

®urypa 2.2 Baok quarpama Ha ADD/DROP eBpucTHY€H aJropuTHM 32 IMHAMHYHO aCOUUUPAHE HA
norpedouTenu u rpynupane Ha APS, npuaaraiiku ADD npouenypa

3a cyenapuu 1 pe3yntaTuTe OT MU3YUCICHHETO Ha LieneBaTa (QyHKIMS ca rmoka3zaHu Ha Purypa 2.3.
Buxna ce, 4e oie npu akTuBUpaHe camo Ha exHa AP (p = 1), BCHYKH MOTpeOUTENN ca aCOIIMUPAHU
3a oOCiIyXBaHE, Thi KAaro B TO3M CLEHApUH HsAMa OrpaHMYCHHE Ha MapaMeTbpa HOpMa Ha
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npusnuyane Paj. B cienBamuTe CTBIKM Ha alropuTbMa OposAT Ha akTuBHUTE APS HapacTa, a
CTOMHOCTTA Ha 1efieBaTa (YHKIUS HaMaysiBa, JOCTUTAWKN aOCONIOTHHS CH MUHHUMYM Ipu P = 8,
KOETO O3HauyaBa, Y€ B Ta3W CTHIKA IMPOU3BOAMTEIHOCTTA HAa CHCTEMara € ONTHMAallHA, T.C.
M3IOJI3BAaHETO Ha pecypcute € Hail-epextuBHO. Durypa 2.4 wiroctpupa paborara Ha alrOpUTHMA
npu cyeraputi 2. KakTo ce BIXKIa OT IMOJTYYCHUTE PE3yATATH, Clie KaTo BCHUkuTe 50 morpedurenu
ca acolMMpaHu 3a o0CITy)KBaHe Tpu P = 6, CTOMHOCTTA Ha IieieBaTa (GyHKIIMs 3all0YBa Jia HaMallsiBa
JI0 TOCTUTaHE Ha aOCONFOTHUS CM MUHUMYM Tipu P = 10.

Lenesa GpyHKIMS = = = Bpoii aCONMUPAHN TTOTPEOUTEITH

[EY
(3]

60

g 50
/ 40
30

No—" 20

[ N
N SN
—

Bpoii acouunpanu norpeduTeH

Zppa(p, A)
—

\

6 8;7.241 10
4 , . . 1o
Cuenapuii 1 Crenka p (Bpoii akTusau APS)

®urypa 2.3 Cuenapuii 1: Pe3yJraTu ot H34HCJIEHHETO HA Hej1eBaTa QPyHKIUS

Lenesa GpyHKIMS = = = Bpoii aCONMUPAHU TTOTPEOUTEITH

16 60
. =
14 2-50 50 2
5; 49 intatatatabett =T =
12 = H

/ / L
210 ot 10 40 g
= / 7455 __— =
= 8 by 30 E
s o Lt/ 6 g
N 6 =
] - 20 =
4 ,/ / 7.813 S
9
2 102
2
0 T T T T O 4]
0 10 20 30 40
Criesapuii 2 Cronka p (Bpoii akTusHu APS)

®urypa 2.4 Cuenapuii 2: Pe3yaraTn ot H34HcJeHHETO HA He1eBaTa QyHKIUS

Qurypa 2.5 u durypa 2.6 ca rpapuunu uzobpaxkeHuss Ha Mampuyama na acoyuupanemo A,
OTMMKCBAIllA BPB3KUTE MeXAy morpedutenutre u APS, chbOTBETHO 3a cyeraputi I W cyenapuil 2,
npejacTaBnsBamy U pesynrature ot npwiaraneto Ha ADD/DROP eBpucTHUYeH airopurbM 3a
aconuupaHe Ha norpeburenu u rpynupane Ha APs. OT TIX e BHIHO, Y€ B T3 JIBa CIICHAPHS
MOTpeOUTENTUTE ca aCOMHMPAHU 3a 00CIykBaHe KbM n30panu APS, Ho Hsma cb3mganenn APGS, Thit
KaToO HE ca HAJIMIE YCIOBUATA, IPU KOUTO JIaJIeH MOTPEOUTENT HE MOXKE /1a OBb/Ie HAITBJIHO 00CITYKEeH

21



ot enna aktuBHa AP. IlpuunHara e, 4e HAMa orpaHUuYeHUs 3a pecypcute Ha APS U clieoBaTeIHO
BUHArd MMa BB3MOXXHOCT €Ha akTuBHAa AP 1a mpeocTaBd Leus UCKaH KalaluTeT Ha JaJCHUS
norpeduTen.

‘I Nerenpa: @UE ) Hanuuna AP @ AxtueHa AP — Acoummpane Ha UE kbm AP {

®urypa 2.5 Cuenapuii 1: Aconnnpane Ha noTpeduTesu U rpynupane Ha APSmpu p =8

‘I Nerenpa: @UE ) Hanuuva AP @ AktueHa AP — AcoummpaHe Ha UE kbm AP }

HHRE!
-

o
g

®urypa 2.6 Cuenapuii 2: AconuupaHe Ha MoTpeduTeau U rpynupane Ha APs mpu p = 10
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[Ipu cyenapuii 3 wu cyenaputi 4 ueneBata (QYHKIHUSA, TOCTUTa aOCOTIOTHUS CH MHHHUMYM

pecniekTuBHO 1pu P = 16 u p = 14, xakTo e nokazano Ha durypa 2.7 u durypa 2.8.

LemneBa dyHKIISL === Bpoii acoruupaHu NOTpeOUTEIN

16 60
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Crienapuit 3 Cronka p (Bpoii akTrusHu APS)

®@urypa 2.7 Cuenapuii 3: Pe3ynraTu oT n34HcJIeHHEeTO HA HedeBaTa GyHKIUS

IeneBa GyHKIHS === Bpoii acOIMUPAHHU TOTPEOUTEITU

16 60
1 10; 50 =
B ccccccccccc= =50 E
12 o] 9: 46 |0 / S
/ =9
~ / 14 __— 40 £
<10 / 8.172 e

> l
£ 8 gt 30
g K 10 =
N 6 7/ |8.485 - 20 E
4 / g
./ 10 2
2 y) =
7 :
0 T T T T 0 ]
0 10 20 30 40
Cuienapuii 4 Cronka p (Bpoii akTusHu APS)

®@urypa 2.8 Cuenapmii 4: Pe3ysaraTu oT H34HCJIEHHETO HA HeJieBaTa GpyHKOust

Ha ®urypa 2.9 u ®urypa 2.10 ca wmoctpupanu pesynrature ot npuiaranero na ADD/DROP
EBPUCTHYCH aJTOPUTHM 3a acCOIMMPAaHE Ha MOTpeOUTEeNH W TpynupaHe Ha APs pecriekTuBHO 3a
cyeHapuii 3 U cyeHapuil 4.
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‘I Nerenpa: @UE @ Hannuwa AP @ AxtueHa AP — AcouumpaHe Ha UE kbm AP i
1] @ 03] @ o] oc) @ @

IS
v
.

o
®
(2]
e
()
]
o
(5]
e
2y

]

o

a
/9

o

2]
\99

]
~

o
(-]
(-]
Lo
(-]
-]
<]
R g
(-] (<] e ()

®urypa 2.9 Cuenapmii 3: Acounnpane Ha norpeduTesn U rpynupane Ha APs npu p = 16

‘I Nerenpa: @UE @ Hannuwa AP @ AxtueHa AP — AcouumpaHe Ha UE kbm AP i

o] @ @ o] ® oc} -] @ @
y A7 @ @

@ @ ® 1)9

(<]

®@urypa 2.10 Cuenapmnii 4: Aconnupane Ha NoTpednTe N U rpynupane Ha APs npu p = 14
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IenTa Ha cyenapuil 5 e na ce nemoHcTpupa kak Gpopmupanure APGS B cyenapuii 4 (BpeMeBU CIIOT
Aly) ce mpecTpyKTypupaT AWHAMHYHO, OTYMTAWKA MOOWIIHOCTTAa Ha NOTPEOUTENUTE B TpPU
[IOCJIEIOBAaTEIHN BpeMeBH cioTa Aty, Aty u At;, noaabpKaiku CBBP3aHOCT U peaTU3UpPaANKU
OpUHIUNA ‘“‘Mpekara cienBa mnotpedurtens’. lleneBata ¢GyHKIMS M B TpUTE MOCIEIOBATEIHU
BPEMEBH CJIOTA JOCTHUTra aOCOIIOTHHS CM MUHUMYM Iipu P = 14, kakTo e nmokazano Ha ®@urypa 2.11,
®durypa 2.12 u Ourypa 2.13.

Ha ®urypa 2.14, @urypa 2.15 u @urypa 2.16 ca wiocTpupanu pe3yaTaTHTe OT IMPUIaraHeTo Ha
ADD/DROP eBpucTHYCH aJIrOpUTHM 3a acOLMMpaHe HAa MOTpeOuTenu W rpynupaHe Ha APs 3a
cyenaputi 5, pecrieKTUBHO 3a Aty, Aty u Ats.

LleneBa dpyHKUMSA === Bpoii acouuUpaHy MOTPeOUTEIH
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Cronka p (Bpoii akruBaun APS)

Cuenapmii 5 - Aty

®urypa 2.11 Cuenapuii 5: Pe3yaraTu oT H34nCIeHNETO HA 1edeBaTa pyHKIUs 3a Aly

[enesa GpyHKIws === Epoii aconuupanu NoTpeOuTeIn
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Bpoii acouunpanu norpeduTesn
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Crienapuii 5 - At, Cronka P (Bpoit akruBuu APS)

®urypa 2.12 Cuenapuii 5: Pe3yararu or n3unciaennero Ha nejeara GpyHkous 3a At,
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LeneBa ¢pyHKINSA === Bpoif aconuupaHu NOTpeOUTEIN
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Crenapwii 5 - Aty

®@urypa 2.13 Cuenapuii 5: Pe3yaraTu oT H34HCIeHHETO HA 1edeBaTa GyHKIU 3a Alg

Bmwxna ce, 4e BpB BpemeBH clioT Aty 3a o6cmyxBane Ha UES0 e popmupana APG, oGcmyxBaia ro
HaneyiHo (Ha 100%), cwcrosimia ce ot aBe APS (AP45 u AP53). TlorpebuTtensr u3moi3Ba
pecniektuBHO 87% 1 13% oT pecypcute Ha choTBeTHaTa aktuBHa AP, ydactBamia B APG (®urypa
2.14). BvB BpemeBu cnotT Aty npu obcmyxkBanero Ha UES0 ce naGmonaBa npomsina B APG ot At;.
[ToTpeburensat npoabixkasa 1a ce o0ciayxBa ot AP45 u AP53, Ho kbM rpymnata € no6aBena u AP33
(durypa 2.15). BeB BpemeBu cioT Atz Hama npomsiHa B APG (Durypa 2.16), Ho ce HaOonaBa
MIPOMSIHA B PECYpCUTE, IPEOCTaBEeHU Ha noTpeduTens oT APs, popmupaiu rpymnara.

‘l Nerenpa: @UE Hanuusa AP @ AktveHa AP — Acouwuupane Ha UE kbm AP - --MobunHoct Ha UES0

®urypa 2.14 Cuenapmii 5: /lunamu4yno rpynupane Ha APS 3a BpeMeBH ¢J10T At;
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‘I.I'Ierenna: @ UE @ Hanuuna AP @ AxtueHa AP — AcouumpaHe Ha UE kbM AP - - -MoBunHocT Ha UES0 l—
@ @ o:] @ @ oc] @ @ @

®@urypa 2.15 Cuenapuii 5: /luHaMu4yHO rpynupane Ha APS 3a BpeMeBH cJ10T Aty

‘|J1eren.qa: @ UE ¢ Hannuna AP @ Aktnersa AP — Acoyumpare Ha UE kbm AP - - -MoBunHocT Ha UES0 I—
1] @ @ @ @ @ @ @ @

®@urypa 2.16 Cuenapwuii 5: lunaMmu4uHo rpynupase Ha APS 3a BpeMeBH cJIOT Aty
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OmnpenenassHETO Ha BPEMEBUTE MEPUOIU 3a mperpymnupane Ha APS (wiu akryanusupane Ha APG)
3aBHUCH OT CTPYKTypaTa U JMHAMHUKATa Ha MpekaTa, OT MOAEIHUTE Ha KaHAIUTe, OT THoBeTe APS u
TSAXHATA ITBTHOCT, OT MOOMJTHOCTTA U TUIBTHOCTTA Ha OTPEOUTEIUTE U T.H., KOUTO MOTaT Ja ObaaT
OTpa3eHU B aITOPUTHMA Upe3 MOAXOJSIIO ONPENEISIHE HA HOPMAma Ha NPUSIUYane U HopmMama Ha
nacuwane. Karo ce mma npeasun nuHamukara Ha CPWAS, mpu kosiTo 1ie ce M3HCKBa 4eCTo
Iperpynupane, eBpUCTUKATa U CPABHUTEIHO HHUCKATa M3YMCIUTEIHA CIOKHOCT HA MPEJIOKEHHS
MOJXO[ IIe OBJAaT MPEIUMCTBO 32 HETOBOTO NPUIIOKEHHE.

2.2. AcouuMpaHe HA OCHOBATAa HAa MO/eJI 32 NAPTHHOPCTBO

Jlpyr moxaxoJ 3a pellleHue Ha 3ajadyaTa 3a acouuupaHe € OasupaH Ha ,, [ {36upane Ha nooxoosuy
napmuwbop’* upe3 oneHka Ha [losedenuemo n Bausnuemo Ha Bb3auTe. Mnesra 3a aconuupane ype3
TO3W TOAXOJl € Ja C€ NPEJIOKM EBPUCTHUYEH MOJENl 3a OICHKAa Ha Obaemarta ,,8pb3Ka’ MEexXIy
notpeduten u AP B eHa M3KITIOUUTENTHO pa3HOOOpa3Ha U IMHAMHYHO IPOMEHSIIA CE Cpea, KaTo
tasu Ha CPWAS. B [Al12] u [A13] e npemiokeH MoJIeN 32 CBbp3BaHEe HA KOMYHHKAI[HOHHU BH3JIH
U OIEHKAa Ha TIXHaTa paboTOCIOCOOHOCT B 3aBUCHMOCT OT KOHKPETHHTE M3UCKBaHHA 3a QOS u
HeoOXonuMUTE pecypcd. MoJenbT ce OCHOBaBa Ha €HA aHaJOrus Ha YCTaHOBSIBaHE Ha
JBJITOCPOYHH MAPTHHOPCKU B3aUMOOTHOIICHHUS MEXy ABaMa ayuiu, onucanu B [93]. TaksB Mozen
MOJKE Jla ce M3IOJ3Ba 32 OTKPUBAHE, CBbP3BAaHE U MHTEPIPETHPaHE HA KOMYHUKAIMOHHHU BB3IU B
HIMPOKOMAIIAa0HN HECTPYKTYpPUPAHH W PECypCHO OrpaHHYEHU CpeAu C Oriel KOJEKTUBHO
U3IMOJI3BaHE Ha PeCcypcH M MpefocTaBsHe Ha ycnyru. Mpedra e ma ce oTKpHe KOMYHHMKAI[MOHEH
BB3€JI, KOHTO MMa HeoOXoauMusi HaOOp OT KEJaHW PEeCypCHH aTrpuOyTH B CHOTBETCTBUE C
WCKaHUATA Ha 3asBEHATa yclyra Wiu MPUWIOKEHHE OT CTpaHa Ha APYr Bb3el. 103U MOJesn Moxke
YCIEIIHO J1a ce TPWIOXKH 3a aconuupane Ha moTpeoutenmn kpM AP B CPWAS, Thii Karo
norpedburensatT u AP Morar na ce HWASHTU(PUIUPAT 4Ype3 HAKOJIKO KIIOYOBH IPOMEHJIMBH. 3a
WIIOCTpallvs Ha METOJIa 3a acolluupane, 6a3upaH Ha €IMH TaKbB MOJIET 3a MapTHLOPCTBO, B [Al2] e
pasriieqiaH clieHapHil OT JBa Bb3eNa, BCEKU OT KOUTO uMa ompenaeneHa pons. B [Al3] e mokasaHo,
ye B IIpolleca Ha Ch3JlaBaHE Ha KOMYHHMKAI[MOHHA Bpb3Ka upe3 H300p Ha TOIXOJSIIO0
yCTPOMCTBO/MAPTHHOP MMa MHOTO aHAJIOTMH C YOBEIIKaTa KOMYHHKAIUs TI0 BpeMe Ha Mpolieca Ha
noaoop Ha awsiarocpodeH maptHeop [93]. KakTto B YOBEHIKMTE B3aWMOJCHCTBHSI, MOJEIBT,
npemioxed B [Al3], pasriexaa kaTo OoTIpaBHA TOYKA CIEHApWUW HA JBA Bbh3eJa, BCEKU OT KOHTO
uMa orpejiesieHa poiis, T.e. norpedburen u AP. Bb3ensT, koiiTo nHMIMupa komyHukanuara (Ni) u
BB3CNIBT, KOWTO W3BBPIIBA acolManuATa W moaabpka komyHukanusata (N2), ca B poyieBH
B3aMMOOTHOIICHHsI, OTpa3eHu B uzpasu (2.15) u (2.16), u ca nedunupanu upe3 oneHKU, Oa3upaHu
Ha eJIUH MapaMeTbp, HapeueH [losiusno [loseoenue (Influenced Behavior).

Bl(t + 1) = INZ_,Nle(t) + rlBl(t) +a (215)
Bz(t + 1) = INl_,NZBl(t) + rsz(t) + b (216)

Ksaero Bi(t + 1) npeacrasusiBa [losedenuemo (Behavior) ma N; B moment t + 1, a By(t + 1)
npezcrasisiBa [losedenuemo (Behavior) na Nz B MOMeHT t + 1, KOMTO Cce OICHSBAT 4pe3 CIICAHUTE
napaMeTpu:

" Iy, . N € croiiHocTTa Ha Bausnuemo (Influence) na Bw3en Ny Bepxy BB3ea Ni, a Ing - N2 €
croiinoctTa Ha Bausnuemo (Influence) Ha Bw3en N1 Bopxy Bb3en No;
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r1 ¥ ry ca mapameTpu, OTYMTAIIM HCKAHUTE WM MPEIOCTABEHUTE PECypCH PECIEKTHUBHO OT

Bb3ea Ni 1 ot BB3en No;

B1(t) u By(t) ca pesynrarure ot Ilosedenuemo Ha Bb3en N; v Ha Bb3en Ny B IpEIUIITHAS MOMEHT

oT BpeMme {;

au b ca nenouncieHn KOHCTAaHTH, NeUHUPAIIN Kaca Ha ycTpoicTBOTO (BB3en Ni) u Kiaca Ha

yeTpoicTBoTO (BB3en Np);

t mpeacTaBisiBa MOMEHTa OT BpeMe (Opoii uTeparun).

Node 1

Calculate own uninfluenced
Behavior function

L‘

'V
Send application and
reliability requirements to
potential partners

Receive feedback <

Node 2.X

J Start

- v

// ’
e > Recerve requirements
.
,

Calculate own Behavior
based on the requirements
of the other node

v

Send Device Class and
stable Behavior

<
€

Y

Is there one node with
the highest value for N,?

No

Are the nodes with the
highest value from the
same class?

Yes

v

Pick the node(s) with highest
Reliability score

Is there one node?

Yes

!

Save only the nodes
with the highest
Device Class

No

No

A

Pick randomly from the
left ones

» Partner Found!

A

®urypa 2.18 Aaropursbm 3a u300p Ha napTubop [Al3]
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Ilosedenuemo € OlleHKa, TOKa3Balla BB3MOXXHOCTUTE Ha JajeH Bb3en (morpebuten/AP) B
3aBUCHMOCT OT W3MCKBAHMATA, HA KOUTO TpsiOBa Ja OTroBaps (MCKaHW/HATUYHHU pecypcu). Tasm
OIICHKa MO’KE Jla MMa CcaMO MOJIOKUTEITHH CTOWHOCTH MOpaau crnenudukara Ha MOJCITHPAHUTE
dbenomenu. B pe3ynrtar Ha TOBa, CTOWHOCTUTE, KOUTO MapaMeTbpbT [losedenue MOXKe N1a IpreMe,
ca IeNMH CTOWHOCTH B OMNpPEIEICH AHWAla30H, KOUTO C€ ONpEeNeNsT Bh3 OCHOBAa Ha Qopmyrna,
OIICHSBAIllA TO3W IApaMeThp MPHU JIMICA HA BIMSHHE OT APYTHd BB3JIM, WIH T.H. Henoenusno
Ioseoenue (Uninfluenced Behavior), kakTo ¢ mocoueno B [Al3].

[TapTHBROPCKUAT BB3ET ce€ H30Mpa BB3 OCHOBA HA alropuThM, Ioka3zaH Ha Owurypa 2.18,
WIIOCTpUpanl u300p Ha Bb3EJN 3a KOMYHUKAIMs B €IUH XETEPOreHEeH CILIEHapHil, OmucaH u
ananmusupad B [Al3]. Ha ®urypa 2.19 e nokaszad eauH OT Pe3yJITATUTE OT CUMYJIMPAHETO HA TaKbB
creHapuii, onucad B [Al2], KOMTO Moka3Ba TEKYIUTE CTOWHOCTH Ha [logrusno Ilosedenue Ha N1 1
N2. OcHOBHA MpUYMHA 3a KOJIeOaHUATa Ha KPUBHUTE € OoTpUIaTenHoTO Biausnue Ha N1 Bepxy Nz u
MPOMEHUTE Ha I'1 U . Moxke na ce Buau, ue cien omnpejaeneH opoi urepanuu (60), [osmusanomo
Ilogedenue na N, HamalsiBa 3HAYUTEIHO, Thi KaTO PECYpPCHUTE BH3MOXKXHOCTH Ha Bb3ejIa HaMaJsiBaT
u camo 30% ot 1s1x octaBaT cBoOOoaAHU. OCBEH TOBA, IOpaau 3arydoara Ha pecypc, N, Beue He MOxke
Ja OTroBopu Ha um3uckBanustTa Ha Ni, B cinenactBue Ha kKoeto [losrusnomo I[losedenue Ha Ni
JoCcTUTa pe3yaTar oT 12, KOMTO B KOHKpPETHHsI cUMyJaloHeH cueHapuii [Al2] e paBeH Ha
cToiiHoCcTTa Ha Knac na ycmpoticmeo Ha Bb3en, npenctanisBail AP. ToBa o3nauaBa, ue N, Beue He
e edpextuBeH mapTHHOp 3a N; 1 TpsiOBa 1a ce 3amoyHe MpoIeaypa 3a HaMUpPaHe Ha HOB MapTHHOP,
T.€. acOIMHpaHe.

120 = Node 1

100 -/\ ——Node 2

\.//V\
60 1=\ \"‘/v \
\V
/T

40 \
20 Nr” \‘_V\
= 64 12

0 i
0 10 20 30 40 50 60 70

Iterations

Behavior

®urypa 2.19 OueHka Ha B3aMMHOTO BJIMSIHUE HA IBAa CBbP3aHU KOMYHUKAIIHOHHH Bb3ena [Al2]

B [Al4] e npemioxeH MOfeN 3a OLIEHKA Ha B3aWMOJEWCTBHUETO MEXAY BB3JIH, OTps3Ball q00pe
JTMHAMUKaTa Ha CII0’KHA CEH30pHa MpeXka B clieHapuii Ha ,, IlHTepHeT Ha HemaTta™ (10T), mpu KoHTO
[eaTa € Ja Ce YBEJIWYHM BEpPOSITHOCTTA 3a CHIIECTBYBaHE Ha KOMYHHKAIIMOHHU THTHINA B €]IHA
CEeH30pHAa MpeXa KaTo ChIIEBPEMEHHO C€ 3ama3siT pecypcuTe Ha MpekaTa M eHepruiiHara
e(peKTUBHOCT HaJ JAajeH mpar. M3xonHaTa Toyka 3a peaiu3alus Ha MojJeja € pe3yiaTaTbT OT
Qurypa 2.19, nokaszpail 4e aBa KOMYHMKAallMOHHU Bb3e€jla MOraT B3aMMHO Jila CH TOBJIUSAT
HEraTUBHO, KOETO MOXE J1a IOBEJE /10 MPEXIEBPEMEHHO MPEKbCBaHEe Ha Bpb3KaTta. B Momenst ce
npuiara merona Ha Jlotka-Bonrepa (Lotka-Volterra: LV), BibXHOBEH OT OHOJIOTHSTA U OTpa3siBalll
3aBUCHMOCTTa MEXKIYy XHUIIHUK M IUJISYKa, 32 J1a Ce peanu3upa eauH mo-e(eKTHBEH MOeN 3a
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KOMYHUKAITHSI MEKAY BB3JH. [Ipr TO3M MOIX0 BCEKH €IUH KOMIIOHEHT WJIM BB3€J C€ CBhP3Ba KbM
KI'bCTEP, T.H. ,,XUMep-rpad®, Mo TaksB HAYWH, Y€ J1a UMa JTOCTHII 10 APYTH BH3IIU MPU ONPEACICHU
OTpaHHYEHUS HA Mpekara, NMpU KOUTO ce JepuHHMpa elHa ONTHUMHU3AIMOHHA 3amada. EqHo oT
MPEeIMMCTBATA TP U3IOJI3BAHE HA TAKbB €BPUCTUYCH MOJIEN €, Y€ PelIaBaiiki ONTUMH3alMOHHATA
3aJaya MOXe Ja ce AedUHHpa XapaKTePUCTUYEH IOKa3aTeNl WM METPUKa, KOETO Ja YJIEeCHU
MoJenupaneTo Ha [losnusino Ilosedenue, a OTTYK W TIpoIieca 3a acOIMMPAHe W MPEIOCTaBSIHE Ha
CBBP3aHOCT Ha NOTpeOMTENM B e€AHa JNMHAMH4YHA cuctema, kakBato ¢ CPWAS. Jlpyro BaxHO
MPEIMMCTBO Ha MpeyIaraHusi MOJE € Bb3MOXXHOCTTa KOMIIOHEHTHTE J[a C€ M3YUCIISABAT MapaJIeITHO
M Ha MpaKTHKa B pPEaJHO BpeMe, ThH KaTo METpHKaTa MOXe Ja Oblie H3YUCIsABaHA U
MPEU3YHUCIIABaHA MMOCTOSHHO M HE3aBUCHMO 32 Pa3IMYHH MOJIMPEXKH WM 00JaCTH Ha 00CITyKBaHE
Ha APs (xumep-rpadmu), ciieq KoeTo 1a ce komOuHupa ¢ 1en eeKTHBHO yrpaBieHue Ha 1stata AN.

2.3. KoonepaTuBHO aconuHpaHe 3a peaju3alus Ha NOTPeOUTEJCKH OPUEHTHPAHU
GyHKUMOHATHOCTH

B enna yHudunupana 0e3kaeTbuHa apXUTEKTypa eIHH MOTPEOUTEN MOXKE J1a ObJIe aCOIMUPAH KbM
rpyna OT HSKOJKO Koomepupamu ce APS ¢ men mpepocraBsHe Ha HCKaHaTa IMPOIYCKaTEIHA
CIIOCOOHOCT MJIM Ka4ecTBO Ha yciyrara. TakoBa KoomepaTtuBHO acornuupane me mo3poau CPWAS

na pYHKIMOHMpPA KaTo eaHa eeKTHBHA MpeXa, OpHeHTHpaHa KbM motpedurenure (User-Centric
Network: UCN).

2.3.1. Iloaxoau, 6a3upaHu HA OCUTYPSIBAHETO HA ONITUMAJIHO MOKPUTHE

Enna crparerus 3a ontumaiiHa BEpOSITHOCT 32 IOKpUTHE, Oa3upaHa Ha KOONEpUpaHe, KaTo Ta3H B
HetNets, moxe ycrenrHo aa ce MpuIIoKH 3a acOLMUpaHe Ha JaJieH Bb3el KbM HAKOIKO APS kaTo ce
uma npensu/, ue B enHa CPWAS (yHKIusATa Ha KOOpIMHUPAHE U YIIpaBJIEHUE 3a pealu3alusaTa Ha
TakaBa cTpaterusi ce moema ueHtpanuzupaHo ot ANOS. B [Al5] e nHampaBeH aHanu3 Ha
BEpOSATHOCTTA 3a nmokputue B HetNet ¢ n B3anmoaeiicTBaly MOMEXAY CH NpeaBaTeHU Bb3JIU 32
JiBaTa Kjlaca CTpaTeTuH 3a 1Mojo0psiBaHe Ha OTHOLIEHWETO CUTHAJl KbM MHTEep(EpeHIHs TUII0C IIyM
(Signal to Interference plus Noise Ratio: SINR).

0.8 L =#=n-IC; p=3
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w

®urypa 2.22 KoepuuueHT Ha uHTEepepeHIUsA B 3aBHCHMOCT 0T 6pPosi Ha B3auMojeiicTBauuTe cu Bb3au [Al5]
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Baxen pesynrar ot HanpaBenus ananu3 B [Al5] e mokazanata Ha ®urypa 2.22 3aBUCHMOCT Ha
KoeduimreHnTa Ha uaTepdepeHius (£) B 3aBUCUMOCT OT Opos Ha B3aWMOJICHCTBAIINUTE CH BB3JH (N)
3a iBere crpareruu npu f =3 u npu f = 5. 3a Bcuuku ciaydau npu npuiarade Ha N-NC ce moctura
MO-HUCKA CTOMHOCT Ha TO3U KoeduuumeHt, orkonkoTo npu N-1C. Ot rnexna Touka Ha exna CPWAS,
€ Ba)KEH XapaKTepbT Ha M3MEHEHHE Ha ¢ C yBeln4yaBaHe Ha Oposi Ha BB3JIUTE N, KOUTO IIE CU
KOOIIEpHpAT C IIeJ acOMUpPaHe U MPEJOCTaBsIHE HAa CBBP3aHOCT Ha JajieH motpeduren. Buxkna ce,
4ye CTOWHOCTTa Ha ¢ HamalsiBa C yBelIMYaBaHE HA N, HO MpHU N > 6 HE ce MOCTHra ChIIECTBEHO
nmogoOpeHue Ha TO3M KOSHHUIIUCHT.

2.3.2. Tloaxoau, 6a3upaHu HA CIEKTPAJIHA U eHepruiiHa e)eKTUBHOCT

Jlpyru KpuTepuu, KOUTO MOTaT Ja Cce M3IO0JI3BAT MPH KOONEPATUBHO ACOIMHpaHe Ha MOTpeOUTenu
ca CIeKTpaJiHaTa W eHepruiiHata edekTuBHOCT. B [Al6] ce mpemnara €IHO HOBO DEIICHHE 3a
ontTUMH3MpaHe Ha eHepruiinata edexkruBHoct (Energy Efficiency: EE) mo ornomenwe Ha
crniektpanHata edekruBHocT (Spectral Efficiency: SE) B kieTh4HU MpEXH, KOSTO MOXE Ja ce
W3I0JI3Ba KaTO KPUTEPUH 32 KOONEPATHBHO aCOLMHPAHE HA €IMH MOTpeOHUTEN KbM HAKOIKO APS.
OcHoBa 3a TOBa € ()aKThT, Y€ MOHOTOHHOTO YBEIIMUCHUE Ha MpenaBaTenHaTa MomHocT Ha APS He
BOJIM 33/IbJDKUTEITHO JI0 TI0I00psiBaHEe Ha O0IIara CrieKTpaiHa epeKTUBHOCT Ha MpeKaTa. 3a aHam3
Ha eHepruiiHata e(peKTHUBHOCT ce mpuiara WH()OPMALMOHHO-TEOPETUYEH IMOAXO0J, MPEICTaBIHKU
eHepruiiHata eeKkTUBHOCT KaTo (DYHKIMS Ha IMpeaaBaTeaHaTa MOUIHOCT Ha enHa AP, oTuuTaiiku
CMYIIABaIllUTe CUTHAIM, ClleJ] KOETO C€ HamMHupa €AHO TPaJueHTHO Oa3upaHo peuieHHe 3a
ONTUMHU3HMpPAHE Ha HUBOTO Ha IpeaaBareiaHara MomHocT Ha AP, Taka ye J1a ce Mmojlydd MakCUMyM
Ha eHepruiiHata eekTuBHOCT. [Ipn KoonepaTHBHO acounMupaHe Ha €IUH MOTPEOUTEN KbM HIKOJIKO
APs ot cwiiectBeno 3HaueHue € ANOS na ympapisiBa mpegaBaTesiHaTa MOIIHOCT Ha OTACITHHUTE
APs, Taka Ye 1a ce MONy4Yd ONTHMAaJeH KOMIPOMHC MEXIy CIeKTpajHaTa W eHepruiHara
epexTBHOCT. DOpMynupaHe W pelIeHWe Ha TakaBa ONTHMH3AlMOHHA 33/7a4a, CBBbpP3aHA C
MakcUMajHa €HepruiiHa e(peKTUBHOCT, MPU KOMIIPOMHUC MEXAY CIEKTpalHaTa W EHepruiiHara

C(I)GKTI/IBHOCT € IIPEJIOKCHO B [A16] KaToO C€ U3MOJI3BAT U3XOJAHUTC YCIOBUA U CLICHAPHUU KAaTO TE3U
B [A15].
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®urypa 2.23 3aBucuMOCT Ha eHepPruiiHaTa eeKTHBHOCT OT MOIIIHOCTTA Ha npenaBaHe [A16]
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®urypa 2.24 3aBHCHMOCT Ha CHEKTpaJiHATa e()eKTHBHOCT OT MOIHOCTTA Ha nmpeaaBaHe [Al16]

Ha ®urypa 2.23 u @urypa 2.24 ca noka3zaHu 3aBUCUMOCTUTE Ha €HEpPrUiHAaTa M CIEKTpalHaTa
epeKTHBHOCT OT mpeaaneHara momuoct Ha AP. Ot ®@urypa 2.23 ce BWXaa, Y€ pe3yNTaTHTE OT
CUMYJIALIMUTE 3a pa3IUYHUTE CICHApUM 3a CTOMHOCTTa HA MOIIHOCTTa, mpeaaBaHa oT AP,
CHOTBETCTBAIla HAa MaKCHMaJHaTa MOCTH)KMMa CHEpruifHa e(EeKTHBHOCT, IMOYTH CHBIAJAT C
TeopeTUYHaTa CTOMHOCT. BaxeH pe3ynrar e, ye crieKkTpaiaHaTa e(peKTUBHOCT [TOUYTH C€ HacHlla Cie[
olpeJiesieHa ONTHMajHa CTOWHOCT Ha IpeJlaBaHaTa MOLIHOCT, BBIPEKH Y€ TSI € MOHOTOHHO
yBelIn4aBalia ce QyHKIus, KakTo ce Buxkaa Ha Purypa 2.24.

2.4. Jakaouyenue

B ta3u rnasa ca npenyoxkeHu MoAXO0IU 3a aCOLMUpPAHe, TPYNUpPaHe U KOONepaTuBHA KOMYHUKAIUS
Ha motpebutenn U APS, ¢ men ocurypsiBaHe Ha 0e3mpoOiieMHa, TTOBCEMECTHA M HEMpeKbCcHaTa
CBBP3aHOCT Ha pa3MYHUTE BHIOBe moTpedutencku ycrpoiictBa B CPWAS. Tlogxomute ce
OCHOBABaT Ha METOJIM 3a MPOAKTHUBHO YIpPaBICHHE Ha CBBP3aHOCTTA M rpynupane Ha APS u ca
peann3upaHd 4Ype3 EBPUCTUYHU AITOPUTMU C HHUCKA HM3YMCIUTEIHA CIIOKHOCT W ONPOCTEHU
AQHATTMTHYHA M3YMCICHUS. 3a J1la MOraT Ja CE pealln3upaT CXEMHTE 3a acOI[MHpaHe, TPYINHpaHe H
KOOIlEpaTUBHA KOMYHHUKAaIUs, NpPEJIOKEHH B Ta3M TIJaBa, JBE OT 3aJbJDKUTEIHHUTE
(YHKIIMOHATHOCTH, KOUTO TpsiOBa na ce umiuieMentupar B CPWAS, koeto ce Bmkaa u ot durypa
1.6, ca: a) cnenene mapaMeTpuTe Ha O€3KMYHATA CPE/Ia, U MO-CIEIUATHO, HHTEIUIEHTHO J1a MOKe
Jla ce CIeIM U aHaJIU3Upa paAHOUYeCTOTHHS CIIEKThP; U 0) T'bBKaBO OpraHU3MpaHe U yIpaBIisiBaHE Ha
pecypcute u paborara Ha cboTBeTHUTE APS 1 APGS. Bh3MOKHHTE TIOJIXO/TH 32 peaTn3alis Ha Te3
(GYHKIIMOHATHOCTH Ca MPEIJIOKESHN B CIICABAIIUTE TJIABH.

2.5. TlpuHOCH KBM BTOpA IJ1aBa

1. PazpaboteH e MO/l 32 MPOAKTUBHO JWHAMHYHO aCONMMPAaHE HA MOTPEOUTEH U TPyNUpaHe Ha
APS ¢ HHCKa W3YUCIHUTENIHA CIOXKHOCT, 0a3upaH Ha Teopus Ha rpaduTte, ype3 AePUHULIMITA HA
nBe 0azoBu cBoicTBa Ha APS: nmopma Ha npusenuuane M Hopma Ha Hacuwjare. Jlepunupana e
neneBa (yHKIUS 3a AMHAMUYHO acCOLMUpaHE W TpynHupaHe, ¢opMHpaHa Ha OCHOBaTa Ha
CTATUYHM W JUHAMUYHM KOMIIOHEHTH, U € (opMynupaHa ONTUMH3AIMOHHA 3a/adya 3a
OTUHAMHYHO acolMupaHe Ha mnorpeburenn u rpymupaHe Ha APS. 3a pemaBane Ha
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ONTHUMHU3AI[MOHHATA 3a/1aua € MPEJIOKEH U Pa3pabOTeH eBPUCTHUCH aJITOPUTHM 32 aCOIUHPaAHE
U rpynupaHe, KOMOMHHpAL] MPEIUMCTBaTa Ha E@pucmuuHomo KoHyenmpupawe, JIunetinomo
npoepamupane WM Teopusma wna epagume. Pabotara Ha pa3pabOTEHHs] aIrOPUTBM €
WIIOCTPUpaHa Ype3 CUMYJIAIMOHEH eKCIIEPUMEHT 3a AWMHAMHYHO aCOLMHUpPAaHEe HAa MOTPEOUTEH
3a 00cmykBaHe KbM omnpezaenenu APS n/umn APGs.

2. TlpeanmokeH € MeTOJ, M3IOJI3BAIl €BPUCTHYEH MOAXO0A, 0a3upaH Ha MOJEN 3a MapTHHOPCTBO,
KOHTO MOXKE Ja C€ MPUIOXKH 3a OTKPHUBAHE W CBBHP3BAHE HAa KOMYHUKAIIMOHHU BBH3JIH B
HIMPOKOMAIIA0HN HECTPYKTYPUPAHH U PECYpCHO OrPAaHMYCHH CPEAM C OrJIe] KOJCKTHBHO
U3IOJI3BaHE Ha pecypcu. METObT Ce U3IO0JI3Ba BbB BPh3Ka C HEOOXOUMOCTTA OT PEIIaBaHETO
Ha CJIOKHA 33Jlavya 32 ONTHUMH3AIMs B CKCIOHCHIMAIHO PACTAIIO MPOCTPAHCTBO 3a ThPCEHE,
kakBoTO € mnpoctpanctBoro Ha CPWAS. B TtakaBa cioxna AN, OposT ¥ mapaMmeTpuTe Ha
MOTPEOMTEIUTE CE MPOMEHAT MHOIO JUHAMHUYHO CIPSAMO IUTBTHO pasmoiokeHu APS, mopamu
KOETO IMPOCTPAHCTBOTO 32 THPCEHE HA BH3EJI 32 ACOLUUPAHE CE M3MEHS M3KIIFOUUTEITHO O30 U
MOJKEe JIa HapacTBa. MoJenbT 3a MapTHHOPCTBO ce Oa3Wpa HAa HAMHUpPaHE Ha KOMYHHKAI[MOHCH
BB3€J, KOUTO MMa HEOOXOIMMHEsI HAOOp OT JKEJaHW PECYpCHU aTpuOyTH, B CHOTBETCTBHE C
MCKaHUATA HA 3asBEHATA yCIyra WIA MPWIOKEHUE OT CTpaHa Ha APYT BB3EN, U € WIOCTPUPaH
ype3 pa3paboTeH U CUMYJIUpPaH alrOPUTHM 3a KOHKpeTeH ciieHapui. OCHOBHOTO MPEIUMCTBO
[P M3II0JI3BaHEe HAa TaKbhbB €BPUCTHYCH IOAXOJ €, Ye IMO3BOJIABA JCPUHHUPAHETO HA Pa3IHMUHU
XapaKTEPUCTHYHHU TIOKA3aTeNId WM METPHKH, KOUTO Ja YJCCHAT IMpolleca Ha acOLUUpaHE U
MIPEI0CTaBsIHE Ha CBBP3aHOCT HA MOTPEOUTENN B €lHA JUHAMUYHA cucTeMa, kakBaTto ¢ CPWAS.

3. IlpemioxxeH e Moaxoj 3a acoLMUpPaHE HA €AMH NOTpeOUTEN KbM NoBeue oT eqHa AP uiam kpM
rpyna ot koomepupamu ce APS, KOWTO MOXe Ja OCUTypH ONTHMATHO U e(PEKTHBHO
¢ynkunonupane Ha CPWAS kato moTtpedutencku opHeHTHUpaHa yHH(UUUpaHa Oe3kiIeTbyHa
MpeXa 3a JOCTBII, B KOATO ITbTHOCTTa HAa APS e cpaBHMMa C IUTBTHOCTTa Ha TOTPEOHTENIHTE.
[IpriaraneTo Ha TaKbB MMOAXO/ € MO3BOJIM €IMH MOTPEOHTEIN J1a MOXKe Ja 0bJIe aCOIMUPAH U
CBBbp3aH KbM Ipyna OT HSKOJIKO Koomepupamu ce APS ¢ men mpemocTaBsHe Ha HCKaHATa
nponyckatenHa cnocooHoct wmm  QO0S. Ilogxomsr € anHammTHYeH W ce Oasupa Ha
BBH3MOKHOCTUTE 3a IpUIaraHe Ha KOOINEpaTHBHA CTpaTervsl 3a OCUIYpsIBAaHE Ha I0-BHCOKA
BEPOSATHOCT 3a Mokputue Ha APS 1 peanusupane Ha ONTHMaJIHA U TOBCEMECTHA CBBP3aHOCT Ha
noTpeduTenuTe, ype3 AMHAMUYHO opraHusupaHe Ha APG. IlpeaumcTBo Ha MperIoKeHUs
HOJXO/ €, Ye M3MOJI3Ba KpPUTEpUH, 0a3upaHu, KaKTO Ha CBBP3AaHOCTTa U MOKPUTHETO, KOSITO
Bcsika AP MoXe /Ja MpelocTaBd M OCUTYPH, Taka MU Ha HEHHOTO BIMSHHE BbpXy olmiara
CTIEKTpaJIHA ¥ EHEPTHifHA €)EKTHBHOCT HA CHCTEMATa.

I'/TABA 3. AnaautnyHa  0o0pa0doTka Ha  pPaJAUHO-4YeCTOTHHM [JaHHM M
KOHTEKCTyaJIM3MpaHe  HAa  NOTPeOMTEJCKO  IOBeJAeHHe  3a
HHTEJMICHTHO ypaBJjieHHe Ha 0e3:ku4Hus J0cThbll B CPWAS

B Ta3m rmaBa ca mpenyio’keHu MOAXOIU 3a chOupaHe, oOpaboTka W aHAIN3 HA MOHHUTOPUHTOBU U
cenzopuu paauouectoTu (Radio Frequency: RF) nanHu, KOMTO, 3a€THO C TEXHUKH 3a MOJICITUPAHE
U TpeAcKa3BaHe Ha TOTPEOUTENICKOTO TMOBEACHWE M TpUJlaraHe Ha MOIXOMSINU alTOPUTMH,
O0asupanu Ha Al, me no3pomsat agantaus Ha CPWAS kbM CcbCTOSIHHETO Ha OKOJIHATa cpeia U

34



XapaKTePUCTHKHUTE Ha MOTPEOUTENNTE C IIeJT pealn3alns Ha KOHIICHIIUITA 32 TOBCEMECTHA ,,XHIIep-
CBBP3aHOCT".

3.1. AHanuT4YHa 00padoTKAa HA PATUOYECTOTHH TAHHHU

AHanmuTruHaTta oOpa0OTKa Ha JAHHM WIM aHAIWTHKA, MPHUJIaraHa BbPXY JaHHU, C€ OTHACA JIO
M3BJIMYaHe Ha WHGOpMALUS OT HAOIOJCHUS, M3MEPBAHUS WA CKCICPUMEHTH 3a SBJICHUE WIIH
00eKT, MpeCTaBIsBaIl MHTEPEC 3a Pa3IMYHM IIETTM KaTO MHTEpPIIPpETHpAaHEe HAa JAaHHH, B3eMaHE Ha
pelIeHMsI, AMarHOCTHKA, IPOTHO3UpaHe u T.H. [129].

3.1.1. 3anuc u cbxpanenue Ha RF 1anHu B 06J1a0H

[Tonacrosimem RF nanHuTe ce pasriexaar BbB BpemeBara obmact kato 1Q (In-phase Quadrature)
(BB (haza M KBaJparypa) JaHHU B OCHOBHA JICHTA, WJIM B YECTOTHATa OOJACT KaTO CIEKTPaHU
nanHu. Pasrnexxnanero Ha RF pgannuTe kato ,,uudposu 1Q“ miam naHHM 3a cHeKkTbpa MOXeE Ja
U3IJIeK/Ia a/IeKBaTHO, HO Thil KaTo TO HE BKJIIOYBA HUKAaKBU Mo3HaHUSA 3a RF curnama kato
MECTONOJI0XKEHNE, [IEHTpajlHa 4ecToTa U T.H., TOBAa OIpEJeNIeHHe € HEeI0CTaThbyHO, 0COOEHO OT
riieJiHa Touka Ha aHanusupanero uM. [lopanu toBa RF nannute TpsibBa na ce nedpunupar karo 1Q
JaHHU BBB BpEMeBaTa o00JacT, CBbP3aHU C BCUYKM METAJaHHM (JJaHHUW 3a JaHHUTE), KaTo
LIEHTpaJIHA YECTOTAa, [IMPUHA HAa YECTOTHATA JICHTA, MECTOIIOJIOKEHHE U JP.

3.1.2. O6naunm yeayru u RF ananuTukmn

B [Al7] e omucana RF oOmayna apxuTekTypa, MO3BOJISIBAIA HPEAJIaraHETO Ha PEIHiia HOBH
ycnyru. B paspaborenara miargopma, onucana B [Al7] u mokazana va @urypa 3.1, ca u3non3BaHu
pasnuunu RF ximeHTH ¢ paznuyHu BB3MOXKHOCTH. Peanu3anusra nHa RF xinuentute ce 6a3upa Ha
copryepno nepunupano pamuo (Software Defined Radio: SDR), xouto ca cBbp3aHu 4pes3
BHCOKOCKOPOCTHA Bpb3Ka KbM 0Ojaka. Upe3 u3noia3BaHe Ha OTBOPEHU MHTepdeiicu ce npenocras
JOCTBIT Ha Pa3IMYHU NOTPEOUTENTN U IPUITOKEHUS.

Tazn nnaT(I)opMa MO3BOJIsIBA TPCAJIaraHeTO W HaA IIO-CJIOXKHU YCIYIrd W TIPHUIIOKCHUS, KATO RF
ananmutuka. RF ananmutukara MMpeaAcTaBIsiBa aHAJIN3, KOWTO IIENIH PAa3KpUBAHETO HA TOBA4, KaKBO CC
Kpue€ B IaHHUTCEC, YPE3 U3BJINYAHC HA 3HAHUA OT RF JaHHHW Ha pa3JIMYHU HUBA HA PC30JIFOIHA.

RF Clients
Air Traffic
- Control
pre-analytics 1Q Data / 5G Access
Metadata RF Data Analytics Center Points
network/control (Cloud)
— RF aaS
Internet / g5
Optical backbone «8 g7 > Network
T\ o= Operators
v \ Cognitive
re-analytics .
_IO y IQ Data / Radio

Metadata !
!

network/control

Users

®urypa 3.1 O6aauno 6a3upana miaargopma 3a aHaauTuku Ha RF gannu [Al7]
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3.2. MOHMTOPHMHI Ha CIIEKTHhPa KaTo ycjayra, 6asupana Ha RF anaauTukmn

Peanmsupanara mmardopma, nokaszana Ha @urypa 3.1, Moke aa ce W3MON3Ba 3a MpeJlaraHe Ha
omucaTelIHH, IPeACKa3Bally U npeanucatenan RF ananutuky.

3.2.1. IlpumepH 3a oNHCATE]HA AHATUTHKA

Ilpumep 3a omnucarenHa yciayra u npuinoxeHue Ha RF ananutuka e HabmopeHuero Ha
PaaOYECTOTHHUS CIIEKTHpP 3a €KCIUIOATAllMOHHA OLIEHKA. B To3u cityuail mienta Ha MOHUTOPHHTA €
uHpOpMaIKATa 32 CUCTEMHUTE, 32 KOUTO € M3BECTHO, Y€ (DYHKIIMOHHUPAT, J1a Ce M3IOJI3BA 3a OI[CHKA
¥ KOHTPOJ HA MPABUIIHATA YTHIIN3AIMS Ha PAAMOYECTOTHUS CIEKTHD.

20 . Data
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®urypa 3.2 lannu 3a RF cnekTbpa Ha paguocrannus P25 Ha o6mecTBenaTa de3omacHoct Ha Dopx YeiiH,
Huanana, CAIIL [A17]

[Tpumep 3a U3BIMUAHE HA PE3YATATH OT HAOIIOEHUETO HAa PAAMOYECTOTHHS CIIEKTHD € MOKa3aH Ha
@urypa 3.2, ymaBsmy pabortara Ha paauoctaHius P25 Ha oOmectBenara OezomacHoct Ha Dopa
Veiin, Unnuana, CAILl. ToBa npunoxkenune 3a RF anmanuTuka ce OCHOBaBa Ha CJBOSIBAaHE Ha
JAHHUTE 32 PaJMOYECTOTHHUS CHEKThpP C MeTaJlaHHHM, npenoctaBeHu oT RF knmeHTa, TakuBa Karo
MECTOMNOJI0KEHNE, TPOBDKUTEIIHOCT Ha U3TOJI3BAHUS KaHAI U MOMEHT OT BpEMeE.

3.2.2. TlpumepH 3a nmpeacKa3aTeTHA H MPeANHCATETHA AHATUTHKA

[Tpumep 3a mporHo3MpaHe Ha 3a€TOCTTA HA PAJHOYECTOTHHUS CIIEKTHP B3 OCHOBA HA MPUIIATraHETO
Ha aJITOPUTMHU 3a MaIMHHO oOy4yeHue Bpxy RF manuu, ca nmpencrasenu B [A18] u [A19]. B [A18]
€ MPEeIOKEH TTOAXO0/] 38 Pa3ll03HaBaHEe HA CMYIICHUS Bb3 OCHOBA Ha aHAIH3 HA TOJSIMO KOJIMYECTBO
JaHHHU, TOJYYCHH OT IBITOCPOYHUS MOHHUTOPHHI Ha PaJHOuYecTOTHHS cHekThp. [lokazaHo e, ue
4ype3 MpUIaraHeTo Ha MOIXOMAII MOAXOA 3a aHanu3 Ha RF ngaHHM, Moxke nma ce OTKpHe |
uneHTuduImpa equH crenuduyeH tTun uaTepdepeHnus B ooparaus kanan Ha eNB (evolved Node
Base), nmpuunnen ot edekra ,,armochepen BrHoBoA  ("atmospheric ducting™).

Ha ®wurypa 3.7 u @urypa 3.8 ca mokazaHu W3MEHEHHITa Ha YeCTOTHO-BPEMEBHTE BapHAallUd Ha
MpueTaTa MOIIHOCT 3a KaHaia B oOparHa mocoka mpu GSM u UMTS900 ckec u 6e3 cMytieHus
[Al7], mokatro na ®Purypa 3.9 u durypa 3.10 ca Bu3yanu3upaHH CpeJHaTa, MaKCHMajlHa H
MUHHMaJIHa W3MEPEHU CTOWHOCTH ChC M 0e3 cmymieHus [Al8]. AHaau3bT Ha pe3yiTaTHTE OT
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JTBJITOCPOYHHUSI MOHHTOPHHT TOKa3Ba, ue B ooxBata oT 869MHz no 888MHz SINR na kanana B
oOpatHa mToOcoKa € cepro3Ho BiomeH. Oka3Ba ce, uYe WACHTUPHUIMPAHUTE CMYIICHUS,
npenu3Bukanu ot cucteMmu CDMA2000, nmar egHakBa mupruHa Ha 4ecToTHara jJenrta ot 1.25MHz
¥ BapupaTr BBB BPEMETO IO MM0J00EH HAYMH B 3aBUCHUMOCT OT YCJIOBHATa Ha OKOJHATa cpeia U
KiuMara. Bb3 OCHOBa Ha MONYy4EHUTE pe3yaTaTH OT CTaTUCTUYecKus aHanu3 Ha RF nmanuuTe,
KOpeJIMpaHu C JJaHHU OT aHajiu3a Ha YCJOBMSTA Ha OKOJIHATa Cpella, MOXKE Jla C€ 3aKIIIouu, 4e
npuemanero Ha CDMA2000 panvocurHaiy OT CPAaBHUTENHO IIBJITH Pa3CTOSHUS € Pe3yiaTar OT
edekTa ,,aTMOCPEpEeH BHIIHOBO .
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®urypa 3.7 Bapuanuu Ha npueTaTa MOIIHOCT (cbe cMmymeHus) [Al7]
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®urypa 3.8 Bapuanuu Ha npueraTta MolHocT (6e3 emyuienus) [Al7]
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®urypa 3.9 OcpenHenn cToiiHocTH (cbe cMyuienusi) [A18]
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®@urypa 3.10 Ocpeanenn croitnoctu (0e3 cmyuenus) [A18]

HpI/IJIaFaHeTO Ha IpcacKa3aTciiHa RF AHAJIMTUKA, OCHOBAaBallla CC Ha CBBP3BAHCTO Ha PE3YJITATUTC
OT NMOCTOAHCH MOHUTOPHUHI' HAa PAAUOYCCTOTHHA CICKTBPp C aHalim3da Ha APYId CKOJIOI'MYHH,
CTPYKTYPHHU HJIA MOOMIIHU JaHHH, IIOKa3Ba 4€ I10sJ1BaTa Ha TaKHBa CCI)GKTI/I MOXKC [1a CC IMPOrHo3upa
C rojrsiMma BECPOATHOCT, KOCTO HIC € IIPCAINIOCTAaBKa 3a CCI)GKTI/IBHaTa K HaACKIHaTa pa60Ta Ha
CPWAS.

3.3. CieneHe Ha cIEKTbpa

B [A20] e mpemtoxken XUOpHICH aJrOpUThbM 3a OTKPHBAHE Ha CIIEKTPAIHHU JYNKH Ha 0a3ata Ha
CHEPrUifHO JETEKTHpPAHe M pa3MHTa JIOTMKA 3a MPUIOKEHHEe B KOTHUTUBHOTO paauo (Cognitive
Radio: CR). B amropursma, mnpemioken B [A20], 3a BXomoBe ce H3MOJ3BAT HHUBaTa Ha
otHorreHrero curHan keM 1myM (Signal to Noise Ratio: SNR) u mpuerata MOIIHOCT Ha CHTHaa
(Pr), xaTo Te ce kaacu(UIUPAT B TPU KATETOPHH: ,,HUCKO HUBO', ,,CDEOHO HUBO™ U ,,6UCOKO HUBO'.
OnuTHaTa TOCTAaHOBKA M JIeTalMTe HA TWpPaKTHYeCKaTa HUMIUIEMEHTAllUS Ha MPEATOXKHUS
aTOPUTBM 3a CJEICHE Ha CIeKTbpa ca moapodHo u3nokeHun B [A20]. ExcnepuMeHTanHuTe
pesyiTaTd TOKa3BaT, Y€ BBBEKIAHETO Ha Meroga pasmmura jormka (Fuzzy Logic: FL), koiito
JIOMTBJIBA TIpolleca Ha B3eMaHEe Ha peIlleHHe 3a 3aeTOCTTa Ha KaHaja, BOJIW JI0 MOBHINABaHE Ha
e(EeKTHBHOCTTA Ha M3IIOJI3BaHE Ha CIIEKTHPA.

B [A21] e mpemnoxeH ONTHMH3ALUOHEH AlTOPHTBHM 3a MOJOOpsiBaHE Ha E(PEKTUBHOCTTA Ha
CBIIECTBYBAIM IMKOJICTAIMOHAPHU W CHEPTUIHM JeTEeKTOpH, 0a3upaH Ha OajJaHCHpaHE MEXIY
BpPEMETO 3a M3MEpPBaHEe W TOYHOCTTA HA JETeKIMs. [IpencTaBeHU ca pe3ysiTaTdH OT OleHKaTa Ha
e(eKTUBHOCTTA Ha AITOPUThMA Ha 0a3ara Ha IMKJIOCTAMOHAPEH JETEKTOp, OT TJIeTHA TOYKa Ha
TOYHOCTTA Ha JCTEKIMS U Ha HAMHUPaHE HAa BEPOSTHOCTTA 3a 3a€TOCT HA KaHaja OT MpeaaBaTels.
[Tpou3BOAUTETHOCTTa HAa IMKJIOCTAIIMOHAPHUS JETEKTOp C€ OIICHsABAa Ype3 BEpOSTHOCTTA 3a
nerekuust (Purypa 3.18) karo ce moaabpika IOCTOSIHHA BEPOATHOCT 3a (hallIvBa anapma.
HampaBeHo e cpaBHeHHE Ha e(pEeKTHBHOCTTA Ha JIETEKTOpa 3a J(Ba ciydas — crannonapeH (Fixed) u
mobwien (Mobility) npuemHuk, kakTO W 3a JBa THNA CHUTHAIW: a) TaKWBa, KOUTO ca
MYJTHIUICKCUpAaHH ¢ opToroHanmHo uectoTHo aenenue (Orthogonal Frequency Division
Multiplexing: OFDM); u 6) TakuBa, KOHTO Ca JHPEKTHO CIEKTPAJIHO Pa3UIMPEHU C
niceBocyyaitau nmudposu nocienosareanoctyu (Direct Spread Spectrum Signals: DSSS).
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®@urypa 3.18 BepositHocT 32 1eTexkuus B 3aBucuMoctT oT SNR 3a HUKJI0CTAHOHAPEH AeTEeKTOP NpH
CTAHOHAPEH M MPH MoOOUIeH npueMHuuk [A21]

3.4. MoaenupaHe HA TOTPeOUTEICKOTO MOBeIeHHE HA OCHOBATA HA TOIVIMHHU KapTH

Pa3paboTBaHeTO Ha TEXHOJOTHH 3a IMHAMUYHO Ch3JIaBaHE W MOJIbP)KaHE HA MOJICIH, CBbP3aHH C
pas3mpenesCHIEeTO Ha TIOTPEOUTEIINTE U TSIXHATA aKTHBHOCT, MOXKE J1a c€ KOMOMHHpA ¢ T00aBSIHETO
Ha METQJaHHU KbM TpapUUIHHTE MOJCIH, TEeHepupaHu OT mnorpedutenure. [loBedyero ot
MPEJIOKEHUTE pEIICHHWs] 3a TPOTHO3MpaHe Ha TMOTPEOUTENICKOTO TIOBEJIEHUETO W  Ha
MOTPEOUTENCKUS TpapuK ca C OTHOCHTEITHO BHCOKAa HW3YUCIHTETHA clokHOCT. [lopamu Tasum
MpUYMHA T€ HE MOrar Jla ce HM3I0JI3BaT, KOraTo JUHAMHKaTa Ha MPOMEHUTE B TMOBEIECHUETO Ha
MOTPEOUTENUTE U BapUAIIMUTE B MPEXKOBUSA TpapHUK ca BUCOKH, KAaKBUTO C€ OuYakBa Ja ObaaT B
CPWAS. B TtakuBa cmyuau TpsiOBa Ja ce mpujarat airopuTMH ¢ HUCKA W3UMCIUTETHA CIOKHOCT
IUpeKTHO B APS, KakbBTO € IpeIOKEeHUT B [A22] anropuThM, U3MOI3BAI] €BPUCTUYEH MOAXO0] 32
rpynupaHe Ha MOTPEOUTENN B 3aBUCHMOCT OT MECTOIOJIOKEHUETO UM U MPHIIOKEHUTE METOIH 32
yIpaBlieHUE Ha MOIMHOCTTa HA TMpelaBaHe B oOpaTHa Tmocoka. YUpe3 HaOmoIeHHE Ha
pasmpeneseHHeTo, MOOWIHOCTTA, aKTUBHOCTTA M M3MOJI3BAHUTE YCIYyTH OT MOTPEOUTEIIUTE, MOTaT
Ja ce W3TPaisT T.H. ,,nompedbumencku monaunnu kapmu' (User Heat Maps: UHMS), ot xouto
MOTaT Jla C€ U3BJICKAT 3HAHUS U JIa ce IporHo3upar oObaemm choutus B CPWAS.

3.4.1. IlpoakTtuBHO ynpaBjenue Ha AP Ha ocnoBara Ha UHM u NN

B [A23] ce nemoHCTpupa BBH3MOXKHOCTTA 3a H3IMOJ3BAHE HA MOJEIM 3a ONTHMU3MPAHE Ha
pasmpeneneHueTo Ha pecypcute U edekTuBHa padbora Ha APS, mnpumaraiikk MmoaXoJsIna
npeJcka3Baila anaauTuka. [Ipemiara ce HOB MOJAXOA 32 TMHAMUYHO M MPOAKTUBHO M3IOJ3BaHE HA
pecypcute Ha enHa AP B3 ocHOBa Ha apxuTekTypa Ha HeBponHa mpexa (Neural Network: NN),
u3non3paiku ganHute or UHM, wm3rpageHn BbpXy MoOjeNM Ha AaKTUBHOCT M MOOMJIHOCT Ha
norpedutenure. OCHOBHOTO MNPEAMMCTBO HA TO3M MOJXOJ € HeroBara HHUCKAa H3YMCIHUTENIHA
CIIO’)KHOCT ¥ BHCOKO OBP30JIeiiCTBHE, KOETO MO3BOJISIBA HETOBOTO IMpHJIaraHe B JWHAMHUYHA Cpe/a,
kakBaTo € CPWAS.
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Apxurektypara Ha NN, n3nosi3BaHa 3a MpOrHO3UpaHe U ONTHUMH3UPAHE HA ENEKTPUUYECKU TUIT Ha
aHTeHa Ha obOcmyxBama AP, e mokazana Ha ®urypa 3.22 u ce cbcrou ot a8e NNS, xouto ca
oOyueHn He3aBUCHMO efqHa oT japyra. NNI1 ce wm3mon3Ba 3a MpencKa3BaHe Ha CJEABAIIOTO
CBhCTOSIHME KaTO 3a BXOJl C€ B3UMAT, KakTo rpaaueHture Ha enementure or UHM 3a nocnennute
JIBa BPEMEBU MHTEpBaJIa, Taka U CTOMHOCTUTE Ha enemeHTHUTe oT UHM 3a mocieaHusT BpeMeBu
untepBai. Ha u3xona na NN1 ca npornoszupanure ctoiHocTH 3a Beeku enemeHT oT UHM, kouto
ca Bxoa 3a NN2, uuiiTo U3X0A JaBa OIEHKAa Ha CHOTBETHHUTE MACWCTBHUS 3a MPOMSHA Ha
€JIEKTPUYECKHS THIT Ha aHTeHaTa.

NNI NNI Output / NN2
Input NN2 Input Output
=Vt +1)— ‘

Gradl (t,t — 1) —~v—>

Grad! (t,t — 1) 4—i> VP (t+1)—>

—m A L+ 1)

Grady (t,t — 1) —\F—> VP (t+1)—>

=

NN1 NN2 —.f—.—»AZ t+1)

Vlm(f) ”\
Vim(t) ;

Py
1
\

V‘,;’,"(t) —_—

\

——=As(t+ 1)

—————————— et

===

R E

LA .
Buffer for NN training and testing |

|-

®urypa 3.22 Apxutexrypa na NN [A23]

Ha ®urypa 3.22 Grad'(t, t-1) e rpagMeHTBT MEXLYy HACTOSIIUAT MEPUOL OT BpeMe t u
IPEeIXOIHMAT MHTepBan oT BpeMe t-1 3a enxement i or UHM; Vi"(t) e usmepenara croifHoCT 3a
BpemeBH uHTepBan t u enement i or UHM; V e ckanapHa BenunHa 3a ¢IMH KIIOYOB HHAMKATOD 3a
kadecTBoTO Ha padora (Key Performance Indicator: KPI) wiu BeKTOp OT CTOMHOCTH 3a HSKOJKO
KPIs (6poii akTMBHM MOTPEOMTENH, CPEIHA MPHETa MOIHOCT, obml Tpaguk u ap.); ViP(t+1) e
TIPOTHO3MPAHATA CTOMHOCT 3a BpeMeBH uHTepBan t+1 3a enement i or UHM. Ipauentsr Grad;'(t,
t-1), usmepenute croitnoctu Vi"(t), Vi"(t+1) u npornosupanure croitnocru Vi*(t+1) ce nsmonssar
3a o0yuenuero Ha NNI1.

HevictBusita Ap(t+1), Ax(t+1) u Az(t+1), mpencraBnsBaiiy NpoMsHATa Ha €JICKTPUYECKUS THIT Ha
aHTeHaTa ChOTBETHO C 1, -1 mim O rpagyca, Morat na ObJaT MPEANPUETH CIIE] KaTO ¢ HallpaBeHa
MPOTHO3a 3a CJIeABAIlAS BPEMEBU WHTEpBal. M3moi3Balikkm OOyYeHHE C YTBBPXKICHHE
(Reinforcement Learning: RL) u NN 3a kinacudukaTtop, MoXxe Ja ce u3bepe Haii-100poTo aeicTBIE,
xkoeto na momaspka KPIS mHa 3agoBomurenno Hubo. Ag(t+1), Ax(t+1), As(t+1), Vi"(t+1) wu
croitHocTtuTe Ha KPIS ce m3momsBar 3a o0yuennero Ha NN2.

3.4.2. Tlpumep 3a ONTUMHU3ANMA HA KANAIIMTETA M eKCIEPUMEHTAIHN Pe3yJITaTH

B [A24] e mpemnokeH METOJ 3a TPEJAOCTaBSHE Ha MPeACKa3yeMH W aJalnTHBHU CpPEJCTBA 3a
OanmaHcHpaHe MeXAy MOKPUTHETO M KamaluTeTa Ha MOOWJIHA Mpeka, Bb3 OCHOBAa Ha KOMTO ce
npejyiara camooparanusupail ce anroputbMm. [locnennusaT ce 0a3upa Ha JaHHU OT U3MEPBAHUS B
peanmHo Bpeme, KPIS u crarucTuueckd MHaHHU, CBHOpPaHH OT MPEXKOBUTE EINEMEHTH U
NOTPeOUTENCKUTE YCTpOiicTBa. 3a perraBaHe Ha mpolseMa 1Mo aBTOHOMEH M IpeAcKa3yeM HauuH
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anropuThbMbT H3nom3Ba Al meToau, 6asupann Ha mamuHHO 00yuenue (Machine Learning: ML), u
no-crrerainyao — RL.

B [A23] 3a monmenupaHe Ha M3TbYBAHETO U AeUHUpaHE Ha IesieBa QYHKIUS 3a pPeryjiupaHe Ha
bI'bJIa HA HAKJIOHA HA aHTCHATa Ce M3IMOJI3BAa CHUIUAT MOAX0J, KakTo B [A24]. 3a na ce rapaHtupa,
Yye Ha BCEKU MOTPEOUTEN 111e My ObJIe IPEJOCTABCH UCKAHUSAT KaIal[UTET, 1ejeBaTta (yHKIMSI MOXKE
Ja ce neuHUpa Mo CICAHUS HAYHH:

K
Z wi(Ri — Ry) (3.14)
k=1

kb1eTo Ry = Ryp € mpomyckarennara croco6HocT Ha notpeduten K; Ry € uckanarta nporyckaTeiHa
CrocoOHOCT OT moTpeduTen K; Wy € TerioBU KOS(HIMEHT, 3aBHCEI] OT UCKaHUTE OT MOTPEOUTEIs
NPUOPUTET W Kiac Ha oOciyxkBaHe, kato 0 < Wy < 1. Bucokure cTOHHOCTH Ha Wy OCHUTYpSBAT
BHUCOKHM CTOHHOCTH Ha TmporyckareiaHara crnocobnoct. Koraro wy = 0, u3uckBaHUATa Ha
norpeburens ce mnpeHeOpersaT. EjeKkTpuyeckusAT THAT HA aHTEHaTa C€ yNpaBisiBa, 3a Ja ce
ONITUMH3HUPA KaNalUTEThT Ha MPEXarta, perraBaiku cieHaTa ONTUMH3AIMOHHA 3a/1a4a;

K
argmin Z Wy (Rk — Ry ((E)))
o & (3.15)
subject to Oy min < 0p < Opmax
KbJeTo © = (64, ..., Op, ..., O3) € BEKTOp, ChIBbPKAI IPATyCUTE HA HAKIIOH HAa aHTEHaTa Ha BCSKa

AP B mpexara. TpsiOBa ma ce oTOCNEKH, Y€ ONTUMHU3AIMOHHUAT pobseM (3.15) He e KOHBEKCEH,
OT KOETO Clie[iBa, Ye He MOXke Ja ObJe pelieH ChC CTaHAAPTHUTE ONTHUMH3AIMOHHU TEXHUKU. B
[A24] ontumuzanmonHara 3amada e pemieHa dype3 RL, nokaro B [A23] ce W3mon3Ba MOAETBT W
QITOPUTHMBT, OIMMUCAHU B TIPEIUIITHATA TOYKA.

a) 0)
Mobilit
y . E|
S8 F
) =
B) ) Density
Low
Medium
High

®urypa 3.23 IIpomsina Ha UHM 3a Tpu nociienoBaTeaHn BpeMeBH uHTEpBaia [A23]
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Ha ®wurypa 3.23 ce Bmwxkaa kak enementute or UHM mpomeHsAT 1iBeToBeTE CH B 3aBUCHMOCT OT
IUTBTHOCTTA ¥ MOOMITHOCTTA Ha MOTPEOUTENNTE, T.€. OTpa3sBamu auHamukara Ha UHM.

= Static Electrical Tilt === Dynamic Electrical Tilt

=
IN)

[EEY
I

o
o
1

o
>

o
N

KPI (normalized throughput)
o
[e)]

o

1 25 49 73 97 121 145 169 193 217 241 265 289
Iterations

®urypa 3.26 CpaBuenue Ha KPI ¢ tuHamMu4eH u cTaTuyeH ejekTpuuecku Tuiar [A23]

Ha ®@urypa 3.26 ca mnoka3aHd CTOMHOCTHTE Ha HOpMalHM3UpaHaTa oOIIa MPOIMYyCKaTeIHa
criocobHocT Ha kierkata B 300 mocienoBaTeIHU BpeMEBU MHTEpBalia 3a JiBa cueHapus. [IbpBust
CIICHapUil € ChC CTAaTUYEH EJEKTPUUECKU HAKIIOH, HACTPOEH Ha CTOWHOCT OT 15 rpagyca. Bropusr e
C IMHAMUYEH eJeKTPUUECKU HAKJIOH, IpUjIaraml npeasiokeHus anroputbm ¢ ooyuena NN.

3.5. 3akawuenue

Nmnnementupanero Ha ruiardgopma 3a RF aHanuTuka, mpuiiaraHeTo Ha aJalTUBHU MOJIXOIU 3a
CIIe/ICHE Ha CIIEKThpa M NPEACKa3BaHETO HA MOTPEOUTEIICKOTO TOBEJCHHE IIe JalaT BH3MOXKHOCT
Ja ce peamu3upar JBe OT 3aTbJDKUTEIHUTE (QYHKIMOHATHOCTH, KOHWTO TpsOBa Jmga ce
nmiuiementupar B CPWAS, mokazana Ha @urypa 1.6, a uMeHHO: a) ClleJicHe TapaMeTpUTe Ha
OKOJTHATa CpeJia, U MO-CHEIUAIHO, HHTEIIUTEHTHO CJIe/IeHe M aHAIU3 Ha PaJUOYECTOTHUS CIIEKTHP;
u 0) I'bBKAaBO ympaBisiBaHe Ha paborata Ha choTBeTHUTE APs u APGs B choTBeTCTBHE C
JEHCTBUATA U XapaKTePUCTUKUTE Ha TOTPEOUTEIHTE.

3.6. IlpuHOCH KBM TpeTa rjiaBa

1. Pa3paboteH e Mojen U € UMIUIEMEHTHpaHa Ha MpakTUKa Iuiardgopma 3a crOupaHe Ha ,,roJIeMU
RF mannu®, naBamia BB3MOXKHOCT 3a MpUJIaraHe Ha pa3jMdH{ BUOBE aHAIUTUKH. BbBeneHO e
noHsATueTo ,,RF anarumuxa*, orpasssamnio oopaboTkaTa, aHaIM3a ¥ W3BIMYAHETO HA 3HAHUS OT
ronemu RF nmanHm ¢ paszmumuam nenu. Pasrimenanm ca mpuMepu 3a TPUIOKEHHE Ha
JIECKpUIITHBHA, NIPEJCKa3aTalHa U npenopbuBama RF aHanuTHky, CBBp3aHy ¢ ONIPENEIIHETO Ha
BB3MOXHOCTHUTC 3a HM3IOJI3BAHC Ha pPa3IM4YHU YCCTOTHU JICHTH, e(l)eKTI/IBHOTO M3II0JI3BAHEC Ha
PaMOYEeCTOTHHSI CIEKThP, UACHTH(PHUKAIMATA HA CHCHU(PUIHA CMYIICHHUSTA, IPOTHO3UPAHETO
Ha cbeTosiHMETO Ha RF cpenaTa u orieHKaTa Ha M3MOI3BaEMOCTTa HA PAOYECTOTHUS CIIEKThP.

2. TlpennoxkeH e alropuThM 3a ClIeJIeHe Ha CIIEKThpa, Mpejiarail ONTHMAJICH KOMIIPOMHC MEXKITY
CKOPOCT M TOYHOCT, Bb3 OCHOBATa Ha XUOPHUJIEH MOAXO/, U3IMOI3BAI €JHOBPEMEHHO €HEPTUEH
JEeTeKTOp W pa3murTa Jioruka. PopMmynupaHa M pelIieHa € ONTHUMH3alMOHHA 3ajJada 3a
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OanmaHcHupaHe MEXy BPEMETO 3a U3MEPBAaHE M TOUHOCTTA HA JETEKIMs, JaBallla Bb3MOXKHOCT 3a
nogoOpsiBaHe Ha e(PEKTUBHOCTTa HA CEHEPrHMHM M  UUKIOCTAIlMOHAPHU  JIETEKTOPH.
ANTOPUTBMBT € HUMIUIEMEHTHUPAH BBPXY IUIATGOpMa 3a MPOBSKIAHE HA TMPAKTHUECKU
excriepuMenTu 3a CR, paboTemo B peasHo Bpeme, U NOJIYYEHUTE PE3yATaTH ca CPABHEHH C TE3H
OT CbOTBETHH AHAJIMTUYHU WIA CUMYJIALIMOHHU MOJEIIH.

3. Tlpemnoxxen e moaxo[ 3a TMHAMUYHA U TIPOAKTUBHA ONTUMH3AIMA Ha €(peKTUBHOCTTA HA paboTa
n kanamuteta Ha CPWAS, O06asupany ce Ha BB3MOXKHOCTTAa 3a IpelCKa3BaHe Ha
HOTpPEeOUTENCKOTO moBeaeHHe. [loaXoabT oT4yMTa pasnpenesneHUeTo, MOOMJIHOCTTa U
aKTUBHOCTTA Ha MOTPeOUTENUTE U ce OCHOBaBa Ha u3rpaxaanero Ha UHM B nocnenoBarenHu
BPEMEBU HUHTEpBAIM 3a JAaJeHa 00JacT M NPOTHO3MpPAaHE HAa CHCTOSHMETO Ha KapraTa B
clle[iBalllisl HHTEpBal OT BpeMe. 3a a ce u30erHe ChbXpaHEHUETO Ha rojisiM 00eM OT JIaHHH, 3a
Jla ce HaMmalld M3YUCIIUTENIHATa CIIOKHOCT M Ja Ce€ OCUI'YpU paboTa B pEalHO BpeMme,
IIPOTHO3MpaHeTo ce ockbluecTBsiBa 4pe3 NN, m3nomsBama ganaure or UHM. IloaxomsT ce
JNEMOHCTPHpA ChC CIICHApPUH 3a ONTHUMH3HMpaHEe Ha O0maTa MpOIyCKaTelHa CIIOCOOHOCT Ha
KJIETKaTa 4pe3 KOHTPOJIMPAHE Ha CJICKTPUUECKHUS HAKJIOH Ha aHTeHaTa Ha oOciyxBaia AP.

I'/TABA 4. Ilogxoam 3a ymnpaBjieHHMe Ha pecypcu HM peaausanusa Ha 3S
¢pynxkunonaanoct B ANOS

B Tta3u rmaBa ce mpemsaraT MOAXOAM 32 YIOPABJICHHE HA pPECYpCHM MW peanu3aunus Ha 3S
¢ynkunonamHoctd B ANOS ¢ men npepocTaBsHe Ha MOBCEMECTHA CBBP3aHOCT U HEOOXOAUMUS
kanaruteT B CPWAS, T.e. peanuzanus Ha KOHIEMIMATA 32 XUTIEP-CBBP3aHOCT. Te ce O6a3upar Ha
MpUJIaraHeTO Ha MHOBAaTUBHU M MHTEIMIEHTHU METOAM 3a YIpPAaBJIEHHWE HAa pecypcuTe (YecTOTHa
JIEHTa, MOILHOCT) U peanu3anusaTa Ha 3S u aBToHOMHYHU QyHKIIMoHaIHOCTH B ANOS Ha CPWAS.

4.1. Tlogxoau 3a ynpaBJjieHUE HA pecypcH

B Ta3u Touka ca aHaTM3MpaHU BH3MOXKHOCTUTE 3a W3IOJI3BAHE HA HSKOW OT CHIIECCTBYBAIUTE U
HaMEpHUJIM BeUe MPIIOKEHNE TPUHITUIIA U METOIU 3a yrpaBieHue Ha pecypcu B HetNets. Te morat
Jla c€ CYMTAT KaTo OCHOBA, KOATO Ja C€ M3MOJ3Ba 3a pa3paboTBaHE Ha ONTHUMAIHU M aJCKBATHU
MOJIXO/IM 3a yMpaBJICHHE Ha PECYPCU C IeN pealn3alusaTa Ha KOHIEMIHITA 32 XUIEP-CBbP3aHOCT.
Otuuraiiku koMmiekcHusi xapakrep Ha CPWAS u He0OX0AUMOCTTa OT MpUJIaraHeTo Ha MOJIXOAU
3a yIpaBJIeHHE Ha PECYPCH C MO-HUCKA W3UMCIUTEIHA CIOXKHOCT, 32 aJIeKBaTHO pELICHHE MOXKE J1a
Ce CUMTa EBPUCTHYHHUSAT alTOPUTHM 3a ONTHMHU3aIus, npeacrased B [A27]. [lpu Hero, uaesra e na
ce acormuupat UES B rpynu (UES ¢ mogo0Hu cBOMCTBA), KbM KOMTO MOXKE /1a OBbJe MIPIIIOKEHA eaHA
W ChINa MOJIMTHKA 3a YIpaBlieHUue Ha pecypc. [IpemioxeHusT MeTox ce 0a3upa Ha MpHlaraHe Ha
JBE eBpHCTHYHHU Tporeaypu. [IppBara e mpomenypa 3a kiracudunupane Ha rpynu or UES mpwu
npenaBaHe B oopaTHa mocoka B 3aBucumocT oT SINR, koeto 6u ce momyunio Ha BXoAa Ha JajieHa
AP. Tlpouenypara ce OoCHOBaBa Ha AITOPUTHM 32 €BPUCTUYHA aCOLMAllMs 3a pelllaBaHe Ha P-
MeAMaHHus TpobiieM, pasrienaHn B ['maBa 2, kato aconuanuiTa € QyHKIHS Ha pa3npeaciieHUueTo,
MECTOIIOJIOKEHHETO U HeoOXoaumaTa mpomnyckareiaHa cnocoonoct Ha UES B kinetkata. OcBeH ToBa
Ce M3I0JI3Ba EBPUCTUYCH IeHEPUUYCH alTOPUTHM 3a ompenaensHe Ha MHOxecTBa oT UES, 3a xouto
HaMaJIsIBAHETO Ha TMpeJaBaTelHaTa MOIIMHOCT II€ JOBEIE 10 TMOBHWIIaBaHE Ha CpeaHara
MPOIMyCKaTeJIHA CIIOCOOHOCT Ha cucTemMaTa 0e3 Ja ce HaMmallsgBa MPOITyCKaTelHaTa CIoCOOHOCT Ha
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AP. Pesynrature OT CHMYJIAIMOHHUTE CKCIICPUMEHTH IMOKA3BaT, Y€ MOJAOOHU MOJXOIM MOrar Ja
J0BCIAaT 10 HAMAJIIBAHC HaA MC)KI[YKJICTT)‘IHI/ITC CMYH_IGHI/IH nu y'BeJII/I‘-IaBaHC Ha O6H_II/ISI KarmanguTeT Ha
CPWAS 0e3 11a ce BJIOLIM HA KamauuTeThbT Ha oTaciaHure APs.

4.1.1. ITonxoau, 6a3upaHu HA POJIEBH UTPH

B xontexcra Ha CPWAS, Teopusita Ha WrpUTe MOXE J1a OCUTYpH HA0Op OT MHCTPYMEHTH 3a
aHaJTM3UpaHe HAa PECYpCHH KOH(IMKTH, WIM TO-00II0 Ka3aHO, Ha ONTUMHU3AIMOHHH 3a1auyd C
MHOXECTBO KOH(IMKTHU weneBd (QyHKiuH. llopagym HaiIM4YMeTo Ha IUIBTHO PAa3MOJIOKEHU
paznopoauu UES u M3HCKBaHETO 3a OCHUTypsiBaHE Ha MOBCEMECTHa M 0Oe3npoljeMHa CBHP3aHOCT
IIPU OIPAaHUYEHU PECYPCH (CHIEKTHP U MOIIHOCT), Bb3HUKBAHETO Ha pecypceH KOHGIIUKT € ¢ rojsma
BepoATHOCT. B To3u cnyuaii, ummnementupanetro B ANOS Ha UrpoBU MOIXOIM € peuieHue, KOeTo
MO3K€ Jia OCUTYpU e(heKTUBHOTO YIpaBICHUE HA PECYPCH.

B [A28] ca mpeanokeHu UTPOBH MOAXOAU KbM YINPaBICHHE HAa MOIIHOCTTa U KOOPAMHALIMSA Ha
CMYIIEHUATa, KOUTO C€ OCHOBAaBaT Ha MaKCUMH3MpaHE Ha Moj3ara. TakuBa MOJXOIM MOrar Ja ce
MIPUJIOXKAT 3a MOCTHTaHEe Ha €IHO ,,pagHogecue’” MEeXIy MHOXecTBata oT APS u morpeburenure B
acnektute Ha CPWAS. [lpenn3BUKaTeICTBOTO Mpea pOJICBUS IOAXOJ € HAMHPAaHETO Ha
KOMITPOMHUC MEXIY 33JI0BOJIIBaHEeTO Ha HyxkauTe Ha UES, BKIrOUBAIIM M3UCKBAHUS KAaalUTET U
KauecTBO Ha 00CITYKBaHe, OT €JIHA CTpaHa | Mmo-JiecHoTo aamuaucTpupane Ha CPWAS or apyra.

Enun npocT npumep, mokasBail 1e1echo0pa3HOCTTa OT MPHUIIAraHeTo Ha POJIEBU UTPOBH MOAXO/, €
usnoxer B [A29], KbeTO 1EJITa € J1a ce YIpaBisiBa MOIIHOCTTA Ha MpeaaBane Ha APS, Taka 4e 1a
ce moamppka obmoro SINR Omu3ko 70 HeroBara MakCHMAajaHO JOIMYyCTUMa CTOMHOCT.
PasrnexnaHusT cuieHapuii HA OTHOCHTEITHO MAJIKM KJIETKH MOXeE Jla Ce CYMTa CXOJEH J0 TO3H Ha
CPWAS. 3a namansBane Ha 3aBucuMmocTTa Ha SINR OT HaToBapBaHETO MOXE Ja Ce NMPHIOXKHU
npeiokeHusAT B [A30] poneBM HIpoOBM MOAXOJN, H3MOJ3BaIl HEBPOHEH KiacupukaTtop 3a
UMIUIEMEHTHpaHe Ha AMHAMHUYHO paslpe/elisiHe M YIpaBiIeHHE Ha MOLIHOCTTa B 0OpaTHa MOCOKa
(Uplink Power Control: UPC), kato ce B3uMar mpeaBuj pa3npeaeieHHETO, MECTOMOIOKEHHETO U
HeoOXoanMMaTa mporyckarenaHa crnocooHoct Ha UES B kierkata. [lpu TO3M moaxon ce uenu u
ONTHMHU3HMpAaHE Ha KOHCyMHUpaHaTa eHeprusi oT Oartepusta Ha UE, kakTo M crnpaBeyIMBOCT IO
OTHOIIICHHUE Ha OT/IETHUTE MOTPEOUTENN Ha MpEXKaTa.

B mpennoxeHuAT Mmoaxo] ce W3IMOoJI3Ba caMoOo0ydaBalll HEBPOHEH Kiacu(ukaTtop Ha 30HUTE 3a
OmpejeNisHe HAa W30JMHHHM, 110 TaKhbB HAYWH, Y€ BCSIKAa 30HA IIOKa3Ba BEPOSITHOCTHOTO
pasnpeneneane Ha UES, m3uckBamm enHa W chIla yCIIyra WM CHOTBETHATA IPOIMYCKATEITHA
cmocobHocT. Karo kpaeH pe3ynraT OT cHUMyJamuara ce TOoJdy4aBaT o0ImaTa W cpeaHaTta
MPOIyCKaTelIHA CIIOCOOHOCT Ha KJIETKATa, B 3aBUCUMOCT OT PAa3IMYHOTO pa3mpeesiecHne Ha POJIUTE
no 3oHU. [lomyueHnute pesynratute ca mpenctaBeHn Ha Durypa 4.6, OT KOUTO ce BWXKAA, Ue
CpeaHaTa MPOIyCKaTeIHA CITIOCOOHOCT Ce U3MEHS B OTHOCHTEITHO MaJIK{ TPaHUIIH.

Ha mpakTuka B mpeasiokeHUsi pPOJIEBM WTPOBU TMONIXOJ ce mpuiara mozaen Ha CrakenOepr 3a
MOCTUTaHE Ha paBHOBECHUE, MpHU KOoHTO nuaepsbT € AP, a mociemoBaTenuTe ca 30HUTE B KJIeTKaTa.
PasmpenenenneTo Ha poluTe MO 30HM TPEACTABISABA CTpATeTUsATAa Ha IMOCIEAOBAaTEIHTE, a
MOAIBPIKAHETO HA CpeIHAaTa MpomyckarenHa crmocobHocT (Purypa 4.6), BB3MOKHO Hal-01130 110
MaKCHuMaJIHaTa Bb3MOXKHa B KJICTKaATa, OCPII‘ypHB&I’IKH HHUBO Ha MCKIYKIICTBUHUTC CMYIICHUA IO
IrpaHWYHATa CTOWHOCT, KAKTO W CIPaBEIIMBO MpeaocTtaBsiHe Ha QOS Ha oTnenmHuTe moTpedure, €
nevyanbara Ha Juaepa.
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®durypa 4.6 Cpenna npomyckaTtejHa CIOCOOHOCT HA KJIETKATa 32 BCSIKA CTHIIKA OT HEBPOHHHUS KJIacupUKaTOP
[A30]

4.1.2. Tloxxox 3a ympasiieHHe Ha pecypcH, 0a3UpaH HA aHAJIN3 HA PUCKAa

B [A31] e mpemiokeH MEXaHH3bM 3a YIpaBIeHHE HAa MOIIHOCTTA W CMyIIEHHUsTa Ha Oa3zata Ha
o0mma mpoueaypa 3a ymnpaBieHHe Ha pucka. llpm Hero ce mpmiiara MpOAaKTUBEH aJTrOPUTHBM 3a
yIpaBJIeHUE Ha MOLIHOCTTAa U CMYILEHHUATa B 00OpaTHa MMOCOKa, paboTara Ha KOHTO ce MIIOCTpUpa
cbe cumynanus B onpocteH HetNet cuenapuii. Pesynrature oT cUMyJIalluOHHUTE €KCIIEPUMEHTH
MOKa3BaT, Y€ TaKbB MOJXOA OM MOTIbJ €(PEKTHBHO Ja c€ MPHJIOXKHU 3a JUHAMUYHO U €PEKTHBHO
ynpasinenue Ha pecypcu B CPWAS. B npeuioxeHUAT MOJIX0A c€ OTYMTa, Y€ NPU XETEPOTreHHH
CIIEHApUU U IUIBTHO pa3mnoyiokeHn APS ce mosiBiBa HOBa HHTEep(dEepeHTHa cpena, Thi Karo
YCIIOBHSTA TI0 OTHOIICHHWE Ha CMYIIEHHSITA CE BIOIIABAT, OCOOCHO NMPH IUTHTHU W HETJIAHWPAHU
pasrpbiianus Ha APS [105]. B takuBa ciienapun uMa chiinectBeHa pasinka B SINR B pazauunute
KJIETKH, KOETO BOJM JI0 pa3jIM4Ha mMpomyckarenaHa cmocodHoct 3a UES B 3aBucumoct ot
pasnojoxeHueTo UM 1o oTHomeHue Ha APS. Ilpouenypara 3a ympaBieHHEe Ha pHCKa ce
UMIUIEMEHTHpa 4pe3 MPOaKTUBHA CXEMa 3a yIpaBlieHHe Ha pecypcH, npu koato APS kopurupar
CBOATA IpeJaBaTeIHa MOLIHOCT WJIM PEXKHMM Ha paboTa B 3aBHCHMOCT OT B3aMMHHUTE CMYIIEHUS,
kouto UES cu mnpuumHsBaT. 3a MeXaHU3Ma 3a YIpaBIE€HHE Ha MOIIHOCTTA C€ H3M0J3Ba
MoauduIMpaH MOIXO] Ha YIpaBJICHUETO Ha MOUIHOCTTa 6e3 oOpatHa Bph3ka (Open Loop Power
Control: OLPC), ocaoBan Ha acoruupane Ha UES B MHOXecTBa, ipeaioxeH B [A4], [A22].

Ta6auua 4.3 PesyaraTu oT padoTara Ha aJIrOPUTHMA 32 OLEHKA Ha pucka [A31]

Parameter AER pAP operating mode | ANR pAP operating mode
Damage 25 100

Calculated risk value 40 _
Level of the preventive measures 40% 40%

Overall ranking of the threat 24 69
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Tadanna 4.4 IlpomMsina B MpoOINycKaTeTHATA CIOCOOHOCT Ha oTaeHuTe rpynu ot UEs npean u cien npuiarane
Ha MpoleaypaTa 3a ynpapJieHHe Ha pucka [A31]

AThr Setl | Set2 | Set3 | Set4 | Set5 | Set6
AER operating mode of the pAP
AThr before, (%) | -125 | 4.6 | -16.0 | -443 | -153 | 4.9
AThr after, (%) 179 | 11 | 215 | 421 | 170 1.3
ANR operating mode of the pAP
AThr before, (%) -8.9 6.4 | -115 | -28.1 | -10.9 | -21.9
AThr after, (%) 215 | 39 | 264 | 90.1 | 217 | 747

Pesynrarure ot cumynanusara ca gageHu B Tabmuna 4.3 u Tabmuna 4.4. B Tabnuma 4.3 ca
MOKa3aHU pe3yiaTaTuTe OT paboTara Ha aNrOpUThMa 3a OLIEHKA HAa pUCKa IMPH IpuUilaraHe Ha
pekuMHUTE Ha paboTa "axmusen - pazwupen obxeam” (Active Extended Range: AER) u "axmusen -
nopmanen obxeam” (Active Normal Range: ANR) na mumko AP (pico Access Point: pAP).
CroiiHOCTTa Ha ,,HUBOMO HA NPEBAHMUBHUME MepKU™ € TIPONIOPIIMOHATHA HA MPOLIEHTA HA TPYIHUTE
UES, Ha kouTO € yBeIM4YeH KOMIIEHCAIMOHHUAT (akTop Ha MomHocTTa o. [lapamerspsT “obwya
knacupurkayus na santaxama” (Overall Ranking of the Thread) ompenens pucka or 3amiaxara -
HUCHK, CpedeH, 8UCOK CIe]l IPUIaraHeTo Ha IpeBaHTUBHU MepKku. Ckaata 3a CTOMHOCTTa Ha pUCKa
e cienHara: Hucwvk puck 10 - 24 (3eneH); cpeden 25-99 (xwnr); sucox 100 - 400 (uepseHn). B
Tabnuma 4.4 e nokasana mpoMsiHaTa B MPOMYyCKaTeIHaTa CIOCOOHOCT Ha oTAenHuTe rpymnu ot UES
MIPEJIN U CIIe]] MPUJIAraHeTo Ha MpoIlelypaTa 3a YIpaBJICHUE Ha PUCKA.

4.2. Peanu3anus Ha 3S u aBTOHOMUYHH PpyHKIHOHATHOCTH B CPWAS

BuBexnanero Ha wHTtenuredtHoct B ANOS moxe na ce cuura karo no00aBsHE HA €IHO HOBO
M3MEpeHHe B yIIpaBJICHHETO Ha pecypcH B pamkutTe Ha CPWAS. Tlpumep 3a TOBa ca peIOKCHHUTE
B [193, 194, 195] moaxoau 3a ML, u3non3Banu 3a ynpaBjieHHE HA MOITHOCTTa U MHTEP(EPEHIIUS B
HetNets. Upe3 npunarane Ha ML BBbpxy chOpanu gaHHU 3a Tpaduka, 3a TOMOJIOTHATA HA MpPEXKaTa,
3a pazmpeneneHuero W auHamukara Ha UES, kouTo craBaT Bce MO-pa3sHOPOIHH U JAMHAMUYHO
MPOMEHSIIN C€ MPHU IUIBTHH U XETEPOTEeHHU CIIEHApHH, TaKhBa, KAaKBHUTO CE€ OYaKkBa Ja ObaaT B
CPWAS, moxe ma ce MOBMIIM MpoIlycKaTelHaTa CIOCOOHOCT HAa MpekaTra W Ja ce Chb3Aaluar
ycioBus 3a BbBexkaaHeTo Ha SON (yHKIIMOHATHOCTH.

4.2.1. Amnaementupane Ha ML 3a peanu3anus Ha 3S 1 aBTOHOMHUYHH PYHKIHOHATHOCTH

CpOupaHeTo M CIMBaHETO Ha ceH30pHHU, MOHMTOpUHroBH U OAM naHHu, TsxHata 0OpaboTka U
aHaJN3, 3a€HO C MpujaraHe Ha anroputmu 3a ML, Al u np., 111e MO3BOJIM UMIUIEMEHTHpaHe Ha 3S
n aproHomMnuHu (yakrronanmHoctd B ANOS u eBomonmss sta CPWAS. B CPWAS norukara Ha
Ta3W aBTOHOMHUYHOCT IIle OhJie IIOCTaBeHa WM ChXpaHeHa B orAenHa paBHuHa B ANOS, HapeueHa
“KoeHumueéna pasHuH@’, KOATO 1€ B3aUMOJICMCTBA M WI€ KOHTPOJHUpPA PA3TUYHUTE
KOMYHHUKAIIMOHHU TEXHOJIOTUM M YCTpoicTBa. [IpuMepeH Moaxon 3a pealn3anusiTa Ha TakaBa
KOTHUTHBHA pPaBHMHA € MPEUIOKEHUAT uaeeH Moen B [A33] 3a BbBeXKIaHEe HAa XapaKTEPUCTHKH 32
SON 3a pemraBane Ha mpoOieM 3a €PEeKTUBHO H3IOJI3BAaHE HA PECYpCH M TECTCHE Ha EHEprusl.
MopensT € pa3BUT W HeroBaTa HMIUIEMEHTanusi wmoctpupana B [A5]. Karo ocnHoBa 3a
peanu3anusaTa Ha aToHoMU4HU QyHKIMH B CPWAS, B Ta3u pabora ce mpejiara BbBeKIaHETO Ha
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KOTHUTHMBHA paBHMHA U cxema 3a ML, 6azupanu Ha abCTpakius, MOIYJITHOCT M HepapXus, KaKTO €
nokazano Ha @urypa 4.11 u Ourypa 4.12.

[otpeburencku MHTEPEIic

Mnanuanuzanus CaMOONTHMH3AIIHS TTomuTnku [Tamer
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®urypa 4.11 AGcTpakuusi Ha KOTHUTHBHATA paBHUHA [A5]
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®urypa 4.12 MiepapxuunocT npu B3emMaHe Ha pemenne [A5]

Ha ®urypa 4.13 e umrocTpupaH mpoiechT Ha HabOmoJaeHHe, oOyuyeHHWe W CaMOOINTUMU3AIUs B
KOTHUTUBHMSI OJIOK Ha mpeminoxkeHata ML cxema. Toit e pa3geneH Ha WHAMBHIyaTHU
(YHKITMOHATTHYU CTBHIIKH, KOUTO Ca MOJYJTHHU U aOCTPaKTHH €Ha OT APYTH.
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Hamanspane Ha Hzpmyane Ha

Hanmamsanmms
e pa3sMepHOCTTA TIpaBUIa
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Hopmamisnpase
TpympaHe

®urypa 4.13 MepapxuuHocT npu B3eMaHe Ha pemenne [A5]

KOrHUTUBHHUTE CTHIIKH U OJIOKOBE OT MIpeaIo)KEHaTa KOFHUTUBHA paBHHUHA Ca CJICTHUTE!

Hnuyuanuzayua. B to3m 610k ce neduHUpAT mapameTpuTe, NEHCTBUATA, OTPaHUYCHUATA U
LIEJIEBUTE MapaMeTpu, KOUTO € HEOOXOJUMO /1a ObAAT ONTUMHU3UPAHU UM CIIEICHH.

Habniooenue u cmamucmuuecka oopabomra. JlJanHUTE 32 B3MMaHe Ha PEIICHUE C€ ChOUpPAT OT
naomonenusta Ha UEs, cwhcrosaumero Ha CPWAS wm cpemara. Crmen kato ¢ cwOpana
HeoOxonuMmaTa nHpopMalus, ce mpuiarar aHAJIMTUKUA U ce U3BIUYa MHGOpMAIUs OT JTaHHUTE,
KOSITO III€ € Hy)KHa 32 caMooOyuuTennus mnpoiec B ANOS.

Hopmanusupane u epynupane. 3a ga MoXe BCEKH MapaMeTbhp Ja UMa HEOOXOJUMOTO
BB3/CICTBME NpPU B3€MAaHE Ha pEIICHHE, CE€ HW3BBPIIBA MPEABAPUTEITHO HOPMAIU3UPAHE.
JlaHHWTE, KOUTO UMAT MPUOIUZUTETHH CTOMHOCTH C€ TPYMHpAT, MPU KOETO Ce€ MHUHMMH3UPA
Opost Ha cheTOsAHUATA, B KouTo CPWAS Moxe na momaue.

Obyuenue (s8pvska epyna-oeiicmsue). 3a BciKa rpyna TpsOBa Jla ce HaMepd ONTHUMAIHOTO
JeiicTBUEe, KOETO MAaKCHUMHU3Mpa IeJeBHs NapamMeTbp WM IapaMeTpH, HeHapyllaBaku
IIOCTAaBEHUTE OTPAHUUYECHHUS.

Xapaxkmepucmuxa Ha 8v30elicmseuama. Ta3n XxapakTepuCcTUKa ce W3I0JI3BA 3a MpeCcKa3BaHe Ha
CIIeJIBAIINTE MOTEHIIMAHU CHhCTOSHUS Ha cUcTemara, cieneiku peakuusra Ha CPWAS npu
ompezaeneHo aelictBue. EnHa TakaBa XapakTepHCTHKa MOXKe Ja ObJe H3BIEUEHa, KaTo ce
3ama3aT BXOJHUTE M W3XOJHHWTE [aHHHM, KOTaro ce MpeanpueMa OINpeiesieHO eicTBUE.
CoOpanata uH(OpMaIus ce WHTEPIIONMPA, 32 Ja C€ HaMEpH MOBHPXHOCTTA HAa Mpexoaa Ha
CPWAS 3a ToBa 1elicTBHE.

Hamanssane na pazmepnocmma. Ilapamerpure, KOUTO HE JOMPHUHACST 3a B3€MaHe Ha peleHUe
ce rnmpemMaxBaT OT KOTHUTHUBHUS MPOIIEC.

Uszenuuane na npasuna. Crnepn 3aBbpIliBaHe Ha Mpoleca Ha OOy4YEHHE, MOXKE Jla ce H3BJIeUe
roJie3Ha MHpOpMAIsi, OTHOCHO TPaHUIIATa MEKIY Pa3IMYHUTE ChbCTOSHUS MPU MpearpueMaHe
Ha pas3nuuHd jaedctBusA. Tasu wuHbopManus Moxe Ja Oble chojeleHa U Ja YCKOpH
CaMOOOYUYHUTETTHUS MPOLIEC 3a IPYTH areHTH WU IPYTH aBTOHOMHYHU (QYHKIUH.
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»  Camoonmumusayus. Bp3 ocHOBa Ha ToydeHaTa WHGOPMAIHS OT MPEIUITHUTE CTHIIKH, MOXKE
na Objie pa3pabOTEeH AITOPUTHM 3a LICJICBUTE TTAPAMETPH, KOWTO € JIECEH 3a pa3oupaHe.

HpI/I Chb31aBaHETO HA TaKaBa ML cxema ce mojrydyaBat CICAHUTE IPEAUMCTBA:

v Hamanena cnoxcnocm. EQuH KOMIUIEKCEH ONTMMU3ALMOHEH IIPOOJIEM MOXKE J1a ObJe pelieH u
pa3OUT Ha HAKOJIKO MO-MPOCTH (YHKIHMOHATHU CTHINKU. [loHSKOra € HEeBB3MOXKHO Ja ce
pa3paboTH ONTHUMHU3AIKMOHEH AJITOPUTHM, Mopaau (akrta, ye MBJIHO 3HaAHWE U WHGOPMAIUS,
OTHOCHO TIPOOJIEMBT HE Ca HAIMYHU, KATO HAMPUMEDP MapaMEeTPUYHU 3aBUCUMOCTH, TPAHUIU U
npyru. [lopaan Tasu mpuuMHa ce MPABAT JONYCKAaHUS M CE OMPOCTSABA ONTHUMHU3ALUOHHUAT
npoOyieM. BbIpeku ompocTsBaHETO Ha MPOOJIeMa, KPAWHHST Pe3yaTaT € CIOKEH alrOPUTHM,
KOWTO € TBBPAE TPYACH 3a peallu3upaHe, C BUCOKO HHMBO Ha JETEPMUHUPAHOCT U TOYTHU
HEBB3MOXKEH 3a Mamadbupane. Koraro npobieMbT ce pa3zieind Ha MO-MajdKd ONTHMH3AIMOHHU
3amaur, Kouto ce pemar ¢ ML anroputmm, ce moiiydaBa pelleHHE, KOETO € JIECHO 3a
npociesiBane, pazoupaHe, opopMEeHO M aJanTUpPaHO, YPe3 H3MOJ3BaHE Ha TCHEPUPAHHUTE
JTaHHU OT HaOroieHrneTo Ha cpenata B CPWAS;

v’ [lpeusnonzearne. OOUKHOBEHO HSKOM KOMIUIEKCHM IPOOJEMH HMaT HPUIMKH. AKO Te3d
npwinkn ce pemar ¢ ML u ce HampaBsST aOCTpakTHM, aIrOPUTMHUTE MoraT na Obaar
MIPEU3MOI3BaHU 32 Pa3pelllaBaHeTo Ha APYTU MPOoOIeMH U LIeIH;

v Ivexkasocm u mawabupyemocm. KOTHUTHBHHMTE ajirOpuTMH TpsAOBa 1a ObJaT JIECHH 3a
MaHUIyJUpaHe M MOraT Jia ce U3IOoJ3BaT MpH yBenuuyaBaHe pasmepure Ha CPWAS.
Cp3naBaiiku (yHKIMOHAIHM CTBIKU ¢ aOcTpakTHU ML anroputmu, me Oble JecHO Ja ce
npociend HMHQOPMAIMOHHUAT IMOTOK M HAYMHBT Ha B3eMaHe Ha pemieHue. Cplio Taka,
Ch3a/ICHUAT KOTHUTUBEH IIOTOK MOJKE JIECHO J1a CE MPOMEHSI.

4.2.2. Tlpumep 3a peanu3zanus Ha 3S pyHKIMOHAIHOCTH

B [A5], wmmiementupanero Ha ML, chrilacHO TPEATOKEHHS MOIXOA, € HIIOCTPUPAHO 3a
peannzanusTa Ha 3S QYHKIIMOHATHOCTH, O-KOHKPETHO 32 CAMOKOH(UTrypaius ¢ 11eJ OCUTypsiBaHe
Ha MaKCHMMaJHa MPOITyCKaTelIHa CIIOCOOHOCT U ONTUMHU3AIMs (MUHUMU3AIMS) HA W3Pa3X0JBaHATa
€HEepTusi B XETEPOTeHEH MPEKOBHU CIICHAPHA, ChCTaBEH OT IUTHTHO Pa3MoJIOKeHH Makpo APS
(Macro Access Points: MAPS), mukpo APs (micro Access Points: mAPS) u muko APS (pAPs). B
NpeIOXKEeHus ciieHapuii, Bcska MAP felicTBa KaTo areHT ¥ KOHTpPOJHpa MHOKeCTBO MAPS/pAPS,
HATOBapBAaHETO Ha KOUTO Bapupa Mpe3 JEHOHOIIHETO.

T T T T T T T T T T T T T T T T T T T T T T T
16 Normal Cell 1 load without energy saving i

14k #recoia M I (Y N {222 Cell 1 + Cell 2 load =)
3 E = = = Cell 1 load during learning stage

12+ T ."'-.: B - Cell 1 load after learning stage 4

Cell load

1 Il 1 1 1 1 1 1 1 1 1 1 L Il 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Hours [h]

®urypa 4.19 ToBap Ha npueMamarta AP1 no Bpeme u ciien o6yuenunero [A5]
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Ot durypa 4.19 morar ma ce BUAAT pe3ylTaTUTE OT CUMYJUPAHETO Ha padoTara Ha JBE KJIETKU
AP1 u AP2. Tlokazano e HatoBapBanero Ha AP1 mo Bpeme Ha oOyuenue (1neH 1) u cien oOydeHue
(meH 2); kakBo 1me Ob1e ACCTBUTETHOTO HaToBapBaHe Ha AP1 6e3 u3kmouBane Ha AP2; cymara ot
HaToBapBaHUATa Ha jiBeTe APS.

Ha ®urypa 4.20 ca noka3anu HOpMaiIu3HpaHaTa KOHCyMalusi Ha eHeprus Ha AP2 u ctoiiHocTHTE
Ha HeoOCmy)KeHUTe MOoBUKBaHUs. ChIECTBYBA SICHA pa3linKa MEXKy eTara Ha 00y4eHHEe W TO3H Ha
eKcruioatanus. B erama Ha oOydeHue MMa TPU TEPUOJA, B KOUTO € B3E€TO IOTPEUIHO PEIICHUE,
korato AP2 e 6una u3kimouena u APL He e nMana kamanuTeT 1a moeme Topapa Ha AP2. PesyntarsbT
e, 4e OposaT Ha HEOOCTYy)KCHHTEC TIOBUKBAHWS HAJBHUINABA, TNPEIBAPUTEIHO 3a/aJICHUS
HOpMayi3upaH mpar. B erana Ha excrumoatarust areHThT (B ciydass ANOS) Bede e Hayumi, ye B
TE3W TEPUOJM OT BPEME CHCTOSHHUETO I ObJEe B 30HATA, B KOATO € MO-700pe Ja ce mpuiiara
neiicteue “‘sxarousane”. Cien KaTo ce€ B3eMe NPABWIIHOTO pEIICHHE, HE ce HalawomaBar Io-
BHCOKHTE CTOWHOCTH Ha HEOOCITY)KEHUTE TIOBUKBAHUSI.

Cell 2 power consumption
----- Call drops

B Cell 2 power without energy saving \lj‘\kLL ;,J,IV‘ILL _
0.8 Nﬂb J—HJ M B

0.6 2 8

Power consumption y*116.3 [W]
Call drops y*8.9 [calls]

0 1 Il I} 1 1 1 1 1 1 1 Il 1 Il L Il Il 1 ] Il 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Hours [h]

®urypa 4.20 Hopmaausupana KoHCyMHpaHa MOIIHOCT HAa AP2 u cToiiHOCT Ha HeoOC/Ty:KeHNTe NOBUKBAHMUSI
[AS]

Ha ®wurypa 4.21 ca mokazaHu pe3yiTaTUTe OT CHMYJIMPAHETO Ha CICHAPHH 3a CIIECTSBaHE Ha
eHeprusi Ipu CbBMecTHaTa pabota Ha MHOoxecTBO APS. B mbpBus wac APl mma nocraTrbuHO
CBOOOJICH KamlalUTeT U aJrOpUTbMBT, BIPaJIeH B areHTa, pelasa ja u3kimoudn eaHa AP, kato no
TO3M HauuH 00I110TO HaToBapBaHe Ha AP1 3anmouBa aa ce yBennuasa. Ciies oj0BUH 4ac apyra AP
ce m3kmouBa. Crex 6 daca, B pe3ynaTar Ha yBeiauueHHUs oOmr Tpaduk, ome APS ce BKiIOuYBaT, B
CJe/ICTBHE Ha KoeTo ToBapbT Ha APL ce n3meHs TproH000pasHo.

15 T T T T

— — — Cell (c) 1 load without energy saving cell ¢ d
ells are turned on

Total load of ¢1 with energy saving

» Cells are turned off

Total cell load

05

Hours, h

®urypa 4.21 Cuenapmii 3a necreHe Ha eHeprus [A5]
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4.3. CamokoHurypupane W pasnpejejieHHe Ha pecypcd Bb3 OCHOBaTa Ha
KOMOMHHMPAH MOAXO0/

B [A34] ¢ npemnoxeH airopurhM 3a CaMOKOHQOUIypHpaHe | CaMOOpPraHU3UpaHe Ha
pasnpeneNieHueT0 Ha PEecypcu B TOJXYKOOPIMHUpaHH W HekoopauHupanu HetNet cuenapum,
chueTaBalll MO3HAHHUATA 32 Mectonoiokenne Ha UES ¢ Q-oOydeHue W UTPOBU MOIXOIH, C IICI
noo0psiBaHe HA JUHAMUYHOTO pasmpeaeieHne Ha (PU3NYECKUTE PECypcH Mo BpeMe Ha Ipolieca Ha
arperupane Ha Hocenu yecrotu (Carrier Aggregation: CA). IToaxoasT ce ocHOBaBa Ha MapKOBCKH
nporiecu 3a B3eMane Ha pernenus (Markov Decision Processes: MDP), kouTo oIieHsIBAT CTORHOCTTA
Ha ¢ynkuure V(S) 1 Q(S, a). CToHHOCTTa HAa CHCTOSIHHE S IPU MPOBEKIAHE HA IMOJMTUKA T,
o3HaueHo ¢ V*(S), e oyakBaHaTa Bb3BPAIAEMOCT IIPH 3aII04BaHe B S U ciensaiiku 7. 3a MDPs, V*(s)
(dbopmMaTHO MOKE J1a CE OTHIIIE KaTo:

[oe]
b4 _ _ _ k —
V*(s) = Ex{R¢ls; = s} = Eg E YV Tivk+1lSe = S (4.13)
k=0
kpaero E{} e ouakBaHaTra CTOMHOCT IpHU IOJIOKEHHE, Y€ arcHTHT ClI€JBa IOJUTHKAaTa 7, t e
CTBIIKAaTa BbB BPEMETO, Y € JUCKOHTOB KOS(HUIIUECHT.

ITo chiusT HauwH, ce AepuHUpa croiHocTTa Q(S, @) Ha MPEANPHETOTO JCHCTBHE & B ChCTOSHUE S
IIpU MpUIaraHe Ha MOJMTHUKA 7, KaTO OYaKBaHATa BH3BPAIAEMOCT, KOSATO C€ IOJIydaBa KaTo ce
3aroyvHe OT S, MPEeANpUEMe ce ACHCTBHE 8, a ClIe]l TOBa Ce Clie/IBa OJUTHKA 7T

Q™(s,a) = Ex{R¢|s; = s,a, = a} = Ey Z)/k Tevk+1|St =S, ar = a (4.14)
k=0

qp63 H3TO0J3BAHCTO Ha BCPOATHOCTHUTC Ha BCIAKO BB3MOXKHO CJICABAIIO CBHCTOAHUC s' (Pnss') 151
OYaKkBaHaTa CTOMHOCT 3a CcCleBalara Harpazia R"SS'a MOKC Ja CC Hu3pasu Bpb3KaTa MCKIAY

CTOMHOCTTA Ha J3JICHO ChCTOSIHUE U CTOMHOCTHUTE Ha MOCIICIBAIIUTE ChCTOSHUS, KAKTO € MIOKa3aHO
B ypaBHeHus (4.15) u (4.16):

V() = Enliees + YV (Dlse = 5} = ) m(5,0) ) Py Rl +yV(s)] (4.15)

Q™ (s) = Ex{re41 +yYV™(s)|s¢ = s,a, = a} (4.16)

3a meron, kakeBTO € Q-00ydeHuwero, TpsOBa Ja ce HaMepu Hail-moOpaTa MOTUTHKA WIH
ONTHMaJIHATA TIOJIMTHKA, KOSATO IIE JaJie MaKCUMaJlHa Harpaja Wi Hai-go0para croinocT 3a Q(S).
Toa Moxe fa Ob/Ie U3pa3eHO KaTo:

Q*(s) = maxQ™(s) = Z P [R;’S/ + ymaxQ*(s’, a’)] (4.17)
s = a
AxTyanu3anusaTa Ha (pyHKIHATA, ONpe/eNla CTOHOCTTA Ha JIeiCTBHETO, €

Q(sp,ar) « Q(sp,a.) +6 [rt+1 +y m;\x Q(S¢+1,a) — Q(sy, at)] (4.18)

51



kbreto Q(Si, a;) e mociexHara akTyanu3upaHa (QyHKIUsS Ha ACHCTBHETO; It € Harpazara 3a
npearnprueMane Ha JCHCTBUE @; B ChCTOsHHUE S;; MaXaQ(Sw+1, @) € MakcumaiHaTa CTOWHOCT Ha
JEWCTBUE, KOSATO MOXKE Ja CE€ IOJYYd B CHCTOSIHHE St+1; O € CKOpPOCTTa Ha OOHOBSIBaHE; Y €
NPOLICHTHT HA JUCKOHTUpAHE. B To3uM cityyaii, HaydeHara win akTyanu3upanata yHkms Q(St, ar),
JIMPEKTHO MPHONMKABA ONTHMAIHATA (DYHKIHS 3a JACHCTBHE-CTOWHOCT Q (S), HE3aBHCHMO OT
MOJMTUKATA, KOATO Ce cieABa. ToBa 3HAYMTENHO ONPOCTABA aHAIM3a HAa AITOPUTHMA M JaBa
BB3MOKHOCT 32 JJOKa3BaHE Ha paHHA KOHBEPTEHIIUS.

[TpenIoKeHUAT aIropuThM ce OCHOBaBa Ha Q-0oO0ydeHHE IMOJCHUJICHO C UTPOBH IOAXOJ, 3a Ja Ce
rapaHTUpa CIPaBeJIMBOCTTA M KOOINepaTHBHOCTTAa Mexay APS. ANTopuTbMBT H3MOJI3BA
puoOIM3UTETHOTO MecTonoioxkenne Ha UES, 3a na ce nudepeHnupar aAeicTBUATa UM 1O 00JIaCTH.
[IbpBOHAYATHUTE pe3ylTaTh 3a e()EeKTHBHOCTTA HAa TO3M AJITOPUTHM, OT TJICJHA TOYKAa Ha
npormyckarenHara criocooHocT Ha UES u APS, ca npencrasenu B [A35].

% 10
10 T T T T
Coordinated
""""" Uncoordingted using 100% resources
— — — Uncoordinated using 50°% resources
—&— RL with role games
ToE b AR
o
(=
=
=
o
=
3
o
=
@
o
2]
-
1 ; :
A ............. ....................................... .
S S S St i CEE
1 15 2 25 3 35 4 45 5
Macro cells
®urypa 4.24 Cpeana nponyckarejHa cnocooHoct na MAP [A34]
x 10
10 T T T T T T T
W
o
=
=
o
=
fan)
= i
o B
2 : : :
o Coordinated
g sH .o Uncoordinated using 100% resources | b T ]
% ———Uncoordinated using 50% resources i : :
4_ e RLWlth rDlE gamES ......... ............. ............. ............ —
3 R T L L LTS P LT SETLIILR I LIPS _
2 | | | 1 | | |
1 1.5 2 245 3 35 4 445 =3
Pico cells

®urypa 4.25 Cpeana npomyckarejiHa cliocooHOcT Ha pAPs [A34]

Ot @urypa 4.24 ce BIK/a, Ue NMpHJIAraHeTO HAa TaKbB KOMOMHHMpaH RL anropuTsM c poneBu urpu
MMa 3HauMTeleH e(eKT BhpXY cpenHaTa npormyckarenHa criocooHoctT Ha MAPS. Ha @urypa 4.25 e

52



MOKa3aHo, Y€ CpeJlHaTa MpoIryckarenHa crmocooHoct Ha PAP ¢ usnon3pane Ha anroputhMa RL e mo-
rojisiMa OT Apyrure, Ho CbII0 HaMaJlsiBa 6aBHO, KaKTO IIpH NprUJIaran€To Ha KOOPJAUHHUPAH MTOAXO.

4.4, 3akaoyeHue

B Ta3u riaBa ca mpeyiokeHu Moaxoau 3a epeKTUBHO YIpaBlIeHUE Ha PECypCH U peanu3aius Ha 3S
¢ynkunonanHoctt B ANOS ¢ HHCKa H3YHCIUTENTHA CIOXKHOCT C 1eJ MpeJocTaBsHE Ha
MMOBCEMECTHA CBBP3aHOCT U HeoOxoammus kamanuteT B CPWAS, T.e. moaxoau, KOUTO Morar jaa
CIOCOOCTBAT 3a peaju3alys Ha KOHICIIHMATA 32 XUIEeP-CBbP3aHOCT. [IpeoxkeHnTe moaxoau 3a
yIpaBJICHUE Ha PECYpPCH, ca B KOHTEKCTa Ha oOmara koHnenus 3a Gyaknuonupane Ha AN B SC u
mozenupanero i kato CPWAS, npencraBena B ['maBa 1, kakto u u3noxxenurte B ['1aBa 2 u B ['1aBa
3, cxemu 3a rpynupane Ha APS, aconunpane Ha UES, ananu3 Ha 1aHHM M KOHTEKCTyaJIu3UpaHe Ha
MOTPEOUTEIICKO MTOBEICHHE.

4.5. IlpuHocH KbM YeTBbPTA IJIaBa

1. TlpennoxeH € MoOAXOMa 3a TMHAMHYHO yrpaBiieHue Ha pecypcu B CPWAS, Gasupan Ha poneBu
UTPOBU MMOAXON ¢ MakcumusmpaHe Ha mom3ata. B CPWAS crenapuu, monsara € oOmius
KarmanuTeT Ha APS, KOWTO MOXe Jla Ce YBEJIIMYH, 4pe3 IOCTHUTaHe Ha ,,paBHOBECHE MEKIY
SINR, kouto APs morat na ocurypst Ha UES ot enHa crpaHa, u OT apyra, IpeIOCTaBsIHETO HA
UCKaHaTa IMPOIyCKATEIHA CIOCOOHOCT M MOBCEMECTHA CBBP3aHOCT. 32 MMILICMEHTHUpPaHE Ha
e(eKTUBHO yIMpaBJCHHE HAa MOIIHOCTTa M HamalsBaHe Ha 3aBucumoctTa Ha SINR ot
HaToBapBaHeTo Ha APS, KakTo M 3a mo-jiecHOTO aamuHucTpupane Ha CPWAS, ce mpemiara
pPONUTE B UTPOBUA MOAXOJ Aa ce AePUHHUPAT C MOMOIITAa HAa HEBPOHEH KiIacudukaTop KaTo ce
B3eMaT TIPEJBUJ Ppa3NpPEACICHUETO, MECTONOJIOKEHUETO ¥ HWCKAaHaTa MPOITyCKaTeITHA
cnocobHoct ot UES B 30HaTa Ha mokputue Ha APS.

2. B CPWAS xapakrepbT Ha UHTep(EpeHTHaTa cpeJa ce U3MEHs HEMPECTaHHO B 3aBHCUMOCT OT
pasmnpeeneHneTo, pa3nojoxkenneTo u auHamukara Ha UES, mo oTHomeHne Ha MHOXKECTBOTO
XETepOTreHHU M IUTbTHO pasnoiyiockeHu APS. M3xoxpaiiku oT ¢axra, 4e MpH TaKbB CLEHapUi
uma ycnosus, pu kKouto SINR Moxe 1a ce BIOmIM HETOMYCTHMO, € MPEIIOKEH MOAXO0M 3a
JUHAMAYHO W €(QEeKTHBHO YIpaBICHHWE Ha pecypcH, Oa3WpaH Ha aHAIM3 W MOJCIHpaHe Ha
pucka. B ocHoBara € MMIJIEMEHTHUPAHETO Ha IMPOAKTUBEH MEXaHU3bM 3a YIpaBJIECHUE Ha
CMyllIeHusATa Ha 6a3aTa Ha oOIIa mpoleaypa 3a KOPUTHpaHE Ha IpejaaBaTeliHaTa MOLIHOCT
U/WIIM peXUMBT Ha pabora Ha APS B 3aBUCHMOCT OT B3aUMHHTE cMylleHusTa, kouto UES morar
Jla CU TIPUYMHAT.

3. Tlpemnoxxen e MeTon 3a peannzanus Ha 3S U aBTOHOMHYHH (yHKIHOHaTHOCTH B CPWAS, npu
KOMTO JIOTUKaTa Ha aBTOHOMHUYHOCTTA € MOCTaBeHa B OT/JeNHa KOrHUTHBHA paBHMHA B ANOS,
KOSITO Ja B3aWMOJICHICTBA M KOHTPOJMpA pa3IMYHUTE KOMYHHUKALIMOHHU TEXHOJIOTUH U
ycTpoiicTBa. B ocHOBaTa Ha npeuioKeHHst METO/1 € MpuiiaraHeTo Ha cxema 3a ML, 6a3upana Ha
abCcTpakmus, MOIYITHOCT W WepapXxus, KaKTO M aJanTanus upe3 o0ydeHHe OT MpEeABApUTEITHO
00paboTeHH TaHHU, TeHEpUPaHU OT MpeXxKaTa.

4. TlpemnokeH € METOX 3a CaMOKOH(HTypHpaHe W CaMOOpPTaHWU3WpaHE Ha pa3Mpeie]ICHHETO Ha
pecypcu B CPWAS BB3 OocHOBa Ha mpuiiaraHe Ha KOMOWHHMpaH ajJrOpuUThM, OCHOBaH Ha Q-
oOy4eHHe TOJICHICHO C pPOJIEBU WTPOBH TOAXOH. B paboTara Ha anropuTbMa € 3aJOXKEH
MOJTYKOOPAWHUPAH TPUHIIMIL, 32 J]a CE€ TapaHTHpa CIPABEUTMBOCT U KOOTIEPATHBHOCT MEXKIY
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APs ¢ ornex ocBoOOXJaBaHEe Ha PECypCHM M yBEIMYaBaHE Ha CpeIHATa MPOIyCKaTeaHa
criocoOHOCT. M3mon3Bar ce mo3HaHusATa 3a pasnpeneneHuero U auHamukara Ha UES, 3a na ce
IPEIBUIN OYaKBAHOTO UM MECTOIIOJIOKEHHE M Ce CEKTOpPH3Upa 30HaTa Ha oOciyxBaHe Ha APS
KaTo CHIIEBPEMEHHO C€ OTYMTA KAaKBU PECypCH M3MOJI3Ba BCsika AP M KakBH CMYIICHHS CE
nony4yaBar. Ha cekropuTe ce Ha3HayaBaT Pa3MYHHU POJIM C OTJIEA MOCTHUTAaHE HA OMTHMAIIHO
HUBO Ha ynoBieTBopeHocT (wiau 3amaaeHo Q0S) ma UES BbB Bceku cektop. Bcesika ponst e
(GyHKIMS Ha H3IOJ3BAaHUTE PECYPCH, BB3MOXKHOCTTA 3a OCBOOOXKIaBaHE Ha pecypcH 3a
U3I0J13BaHe OT Apyru APS u cMyIieHusITa, KOUTO MPEIU3BUKBA CEKTOPA.

L. 3AK/IIOYEHUE U OCHOBHHU ITPUHOCH

Temara Ha HacTosIaTa AWCEPTAIMS CE OTHACS JIO MpeIjIaraHeTo Ha IMOJXOJU 32 OCUTYpsIBaHE Ha
MMOBCEMECTHA CBBP3aHOCT U €(DEKTHBHO YIPABICHUE HA PECYPCUTE B MOTPEOUTEIICKH OPUCHTHPAHU
CBpBX ITbTHH YHU(puImpanu 6e3xuanun ANS. TakuBa cuenapun Ha ANS ce odakBa Jja Bb3HUKHAT B
opnemuTe SCS, 32 KOUTO OCHOBHA XapaKTEPHUCTHKA Ie Ob/Ie HAIMYMETO Ha XeTeporeHHocT Ha UES
u APS, TIXHOTO IUTBTHO pAa3MOJIOKEHHWE M BHCOKa JAMHAMUKA. B JucepTalMOHHUAT TpyHd ca
MPEJIOKEHN HOBU TMOAXOJH, UMIUIEMEHTHPAHETO Ha KOUTO IIe MOXE Ja OCHUTYpU MOBCEMECTEH
noctbn U cBbp3aHocT Ha UES, kakTo W wu3Mon3BaHe M YOpaBICHHE Ha OrPAaHUYCHUTE
KOMYHUKAIIMOHHU pecypcu B O€3KUYHHS JTOCTBII, Ype3 KOWTO Jla MOXKE Jla CE€ MPEIOCTaBH €IUH
BHUJIUMO ,,0€3KpacH KalaluTeT Ha MOTPEOUTENUTe, He3aBUCHMO OT BHJA MM, OpOs Ha €IMHHUIA
ILJIOII ¥ TXHOTO JIBUKEHHUE.

O0600maBaiiku M3J0’)KEHOTO B JAUCEPTAIIMOHHUS TPYJ, MOXE J1a C€ CUMTa, Y€ MOCTaBeHAaTa IIeNl €
peanu3upaHa, 4pe3 M3IIBJIHEHHE Ha IOCTaBEHUTE 3a/1a4M, BCJEICTBHE HAa KOETO Ca IOCTHTHATH
CIICJIHUTE CHIIECTBEHH PE3YJITATH C HAYYHO-TIPUIIOKEH XapaKTep:

1. Uspbpmen e ananu3 Ha pa3Butuero Ha ANS M ca HampaBeHHM apryMEHTHpPAaHU H3BOAM 3a
HeBB3MOKHOCTTa NGA Mpexwute, pa3BuBamy ce Ha Oa3ara Ha konBeprupanu HetNets u 5G
0E3)KWYHH MpPEXKH, J1a OTIOBOPAT HA HM3UCKBAHMATA, HAIOKEHH OT €IWH XHIIEP-CBBP3aH,
pa3HooOpa3eH W TUHAMUYEH CIEHApHi 3a JOCTBHI TaKbB, KakbBTO € To3W B eamH SC Ha
ObIeeTo.

2. Jledpunupanu ca ocHoBHHTE XapakTtepuctuku Ha AN B Obaemute SCS, Ha 6azaTa Ha KOUTO €
pa3BUTa KOHIEMIMTA 3a CTPYKTypara u ¢yHkuuoHaaHoctTa Ha eqHa AN B SC u HeliHaTta
SBOJIIOLIMATA KbM T.H. Oe3KJIeThueH yHupHuupan oexundeH noctbi (UWA).

3. Ha Ga3ata Ha cpaBHHTENHa OIlEHKA Ha XapaKTepUCTUKUTE W GyHKnnoHamHoctra Ha UWA ¢
Te3sn Ha enHa MmamabHa CPS e mpeanokeH HOB TOAXOJ 3a MOJENMpPAaHE WM aHAIM3 Ha
paborocnocobHocTTa Ha TakaBa UWA apxutektypa, HapeueHa CPWAS, ocHoBaBama ce Ha
KOHIICTILIUUTE 32 U3rpaxaane u pyHkunonupane Ha CPS.

4. PazpaboTeH € Mojien 3a MPOAKTUBHO TMHAMUYHO acOllMMpaHe Ha MOTPEOUTENH U rpyHUpaHe Ha
APS ¢ HUCKa U3YHMCIUTENHA CIOXKHOCT, Oa3upaH Ha Teopus Ha rpadure, ype3 nepUHUIMATA HA
nBe 6a3oBu cBoiicTBa Ha APS: Hopma Ha npueiuuane W mHopma Ha nacuwjare. JlepuHupana e
neneBa (yHKIUS 3a AMHAMUYHO aCOLUMHUpaHE W TpynHupaHe, GopMHpaHa Ha OCHOBaTa Ha
CTATUYHM W JUHAMUYHA KOMIIOHEHTH, W € (opMyiaupaHa ONTHUMH3AIMOHHA 3a/ada 3a
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JTUHAMUYHO AacolMMpaHe Ha mnorpedbutenun wu rpynupane Ha APS. 3a pemaBane Ha
ONTUMU3AIMOHHATA 33]aua € MPEAJIOKEH U pa3paboTeH eBPUCTUYEH AITOPUTHM 32 aCOLMUpPAHE
U TpynupaHe, KOMOMHUpAL] MpeauMcTBaTa Ha Egpucmuunomo xoumyenmpupawe, Jlunetinomo
npocpamupane u Teopusma hna epagume. Paborata Ha pa3paOOTEHUS AITOPHUTHM €
WIFOCTPUpaHA 4pe3 CHMYJIAIMOHEH EKCIEPUMEHT 3a JUHAMHYHO aCOIMHpaHe Ha MOTpeOuTen
3a oOciyxBaHe KbM onpeaesiean APS n/umn APGS.

[IpenyioskeH € METOoJl, U3IMOJI3BAI €BPUCTUYCH MOAXO0J, 0a3upaH Ha MOJAEN 3a MapTHHOPCTBO,
KOMTO MOXE J1a ce TPWIOKH 3a OTKPUBAaHE W CBBP3BaHE HAa KOMYHHUKAIIMOHHU BB3IIU B
HMIMPOKOMAIIAOHU HECTPYKTYPHPAHH M PECYPCHO OTPaHHYEHH CpPEIH C OIJie] KOJCKTHBHO
U3II0JI3BaHE HA Pecypcu. MeToIbT ce M3M0J3Ba BB BPBh3Ka C HEOOXOJMMOCTTA OT PEUIaBaHETO
Ha CJIOHA 3aj]ada 3a ONTHMHU3ALMUS B €KCIIOHCHIMAIHO PACTSAIIO MPOCTPAHCTBO 3a THPCEHE,
kakBoTO ¢ mnpoctpanctBoro Ha CPWAS. B TtakaBa cinoxna AN, OposT ¥ mapaMeTpuTe Ha
NOTPEOUTENUTE CE€ MPOMEHAT MHOTO JTUHAMUYHO CHPSMO IUTBTHO pasmnojoxenu APS, mopanu
KOETO IIPOCTPAHCTBOTO 32 ThPCEHE HA BH3€J 32 aCOLMUPAHE CE M3MEHS M3KIIIOUYUTEITHO OBP30 U
MOXE J1a HapacTBa. MOJAETbT 3a MaPTHHOPCTBO ce Oa3upa HAa HAMHUPAHE HA KOMYHUKAI[MOHEH
BB3eJ, KOUTO MMa HEOOXOAWMHUS HAOOp OT KEJIaHW PEeCypCHH aTpuOyTH, B CHOTBETCTBHE C
UCKaHMSTA Ha 3asBEHATa yciayra WIH NPUIOKEHUE OT CTpaHa Ha JIPYT Bb3eJ, U € WIKCTPUPaH
ype3 pa3paboTeH U CUMYJIUpPaH alrOPUTHM 3a KOHKpeTeH ciieHapui. OCHOBHOTO MPEIUMCTBO
IPU U3IMOJI3BAHE HA TaKbhB €BPUCTHYCH MOJXOJ €, Y€ MMO3BOJISABA Je(UHHPAHETO HA Pa3IHMUHU
XapaKTEPUCTHYHHU TIOKA3aTeId WM METPHKH, KOUTO Jla YJICCHAT IMpolleca Ha acOlUUpPaHEe U
NPEOCTaBsIHE HA CBHP3aHOCT HAa OTPEOUTENH B €IHA JMHAMUYHA cucTema, kakBato € CPWAS.

[TpenyioskeH e MOAXO[ 3a acOLMUpPaHe HAa €AMH MOTpeOuTen KbM moBeue oT eqHa AP uian KbM
rpyna ot koomepupamu ce APS, KoWTO MOXe Ja OCUTypH ONTHMAIHO U e(PEeKTHBHO
¢ynkunonupane Ha CPWAS kato moTtpedutencku opueHTHpaHa yHH(HUIUpaHa Oe3KIeThYHa
Mpeka 3a JOCTbBII, B KOATO IUIbTHOCTTA Ha APS € cpaBHHMMa C IUIbTHOCTTA Ha MOTPEOUTENNUTE.
[Tpunaranero Ha TakbB MOAXOJ LIE€ NO3BOJIM €AMH MOTPEOUTEN Aa MOXKE Aa ObAe acOLUUpaH U
CBBbpP3aH KBbM Ipyla OT HIKOJIKO Koomepupaimu ce APS ¢ men mpenocraBsHe Ha MCKaHara
nponyckatenHa crnocooHoct wuiaum  QOS. ITlogxoxsT € aHanuTHUeH M ce Oa3upa Ha
BB3MOXKHOCTUTE 3a NPUIAraHE HAa KOONEpPAaTHUBHA CTPATETHs 3a OCUTYPSIBAaHE HA IO-BHCOKA
BEPOSTHOCT 3a Mokputue Ha APS 1 peanusupane Ha ONTHMaJIHA U TOBCEMECTHA CBBP3aHOCT Ha
noTpeduTenuTe, ype3 AMHAMUYHO opraHusupaHe Ha APG. IlpeaumcTBo Ha MperIoKeHUs
MOJIXOJ €, Ye M3IO0JI3Ba KPUTEpUH, Oa3upaHHU, KAaKTO Ha CBHP3aHOCTTAa U MOKPUTHETO, KOATO
Bcsika AP MoXe /Ja MpelocTaBd M OCUTYPH, Taka U Ha HEHHOTO BIMSHHE BbpXY olmiara
CHEKTpaJiHa ¥ eHepruiiHa e()eKTUBHOCT Ha CUCTEMaTA.

Pa3zpaboren e Mozen U € UMIUIEMEHTHpaHa Ha IpakTHKa miaTdopMma 3a cbOupaHe Ha ,,roJIeMU
RF manHu®, gaBamia BB3MOXKHOCT 3a IIPHJIaraHe Ha Pa3JIMYHU BHUJIOBE aHATUTHKH. BBBeneHO €
noHsTueTo ,,RF anarumuxa*, orpasssamnio oopadoTkaTa, aHaIM3a U W3BIMYAHETO HA 3HAHUS OT
ronemu RF nmanHm ¢ pasmumuam nenu. Pasrimenanun ca mpuMepu 3a TPUIOKEHHE Ha
JNECKPUNTHBHA, TIpe/IcKa3aTaliHa U npenopbuBaimia RF aHanuTiku, cBbp3aHu ¢ ONpenessHETO Ha
BB3MOKHOCTUTE 32 HM3MOJ3BaHE HA PA3IMYHU YECTOTHHU JICHTH, €)EKTUBHOTO H3IOJI3BaHE Ha
pPaIMOYEeCTOTHHSI CHEKThD, UACHTH(PHUKAIMATA HA CHEIUPUIHA CMYIICHUSTA, IPOTHO3UPAHETO
Ha cbeTosiHMETO Ha RF cpenaTa u orieHKaTa Ha M3MOI3BAEMOCTTA HA PAJUOYECTOTHUS CIICKThP.
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8.

10.

11.

12.

[IpenoxeH e anropuThbM 3a CIe/IeHe Ha CIEKThpa, Mpeaiarai] ONTUMalIeH KOMIIPOMHC MEXTY
CKOpPOCT M TOYHOCT, Bb3 OCHOBaTa Ha XUOPHIEH MMOAXO0J], U3IOI3BaIl €HOBPEMEHHO C€HEPTrUCH
JETEKTOp M pa3MmuTa Joruka. PopMyinupaHa M pelleHa € ONTHUMM3alMOHHA 3ajada 3a
OalaHCUpaHe MEX/1y BPEMETO 3a U3MEPBAHE U TOUHOCTTA HA JETEKIMS, AaBallla Bb3MOXKHOCT 32
nogoOpsiBaHe Ha e(QEKTUBHOCTTa HA EHEPrHMHM M HUKIOCTAlMOHAPHH JCTEKTOPH.
AJTOpUTBEMBT € HMIUIEMEHTHpPAaH BBPXY IaTdhopMa 3a MPOBEKIAHE Ha MPAKTUYECKU
excriepuMmenTu 3a CR, paboTemo B peajiHO BpeMe, U MOJIYyYSHUTE PE3YJATaTH ca CPaBHEHH C TE3U
OT ChOTBETHU AaHAIUTUYHH UM CUMYJIALIMOHHU MOJEIIH.

[IpenyoxeH e MoAXoa 3a JMHAMUYHA U IPOAKTUBHA ONTUMHU3ALMS Ha e()eKTUBHOCTTa Ha paboTa
n kanamuteta Ha CPWAS, O6asupam ce Ha BB3MOXKHOCTTa 3a TIpelIcKa3BaHe Ha
noTpedbuTenckoTo noseaeHue. [loaxoasT oTuMTa pasmpenesieHHeTo, MOOWIHOCTTAa H
AKTUBHOCTTA Ha MOTPEeOUTENNTE U ce OCHOBaBa Ha mirpaxaaHero Ha UHM B mocnenoBarennu
BpEMEBH HMHTEPBAIM 3a JajeHa O00JIaCT M TMPOTHO3UPAHE Ha CHCTOSTHUETO Ha KapTraTa B
cJeIBallMs UHTEPBAJl OT BpeMe. 3a jJa ce n30erHe CbXpaHEHHWETO Ha rojiiM 00eM OT JIaHHHU, 33
Ja Ce HaMaJId W3YUCIUTENTHATa CJIOXKHOCT M Ja Ce OCUrypu paboTa B pealHO BpEME,
nporrosupaneTo ce ocbliecTBsiBa upe3 NN, usnonspama nanHute ot UHM. Ilogxonst ce
JEMOHCTpHpA ChC CLIEHAPHI 3a ONTUMHU3MpaHe Ha oOmaTa MPOIyCKaTelIHa CIHOCOOHOCT Ha
KJIETKaTa Ype3 KOHTPOJIMPAHE Ha eJIEKTPUYECKUS HAKJIOH Ha aHTeHaTa Ha obcmyxkBamia AP.

[TpemnoxeH € mMoaxoa 3a AMHAMHYHO yrpaBieHue Ha pecypcu B CPWAS, 6azupan Ha poseBu
UTPOBH TOAXOA ¢ Makcumm3upaHe Ha mnom3ata. B CPWAS cuenapuu, monsara € oOmmIms
karmanuTeT Ha APS, KOMTO MOXe J1a ce yBelIM4H, 4pe3 MOCTUTaHE Ha ,,paBHOBECHE MEXIY
SINR, xouto APs morat na ocurypsat Ha UES oT enHa cTpaHa, ¥ OT apyra, IpeJoCTaBsHETO Ha
MCKaHaTa MPOIyCKaTeIHAa CIIOCOOHOCT M MOBCEMECTHA CBBP3AHOCT. 3a UMIUIEMEHTHPAaHE Ha
e(eKTHBHO YIpaBJICHHEC HAa MOIIHOCTTAa W HamalsBaHe Ha 3aBucumoctTa Ha SINR ot
HaTtoBapBaHeTo Ha APS, kakTo u 3a mo-iecHoto aamuHUcTpupane Ha CPWAS, ce npennara
pOJMTE B UTPOBUS TOAXOJ J1a ce NeHHHUpAT C MIOMOIITa Ha HEBPOHEH KJIacH(UKATOP KaTo ce
B3€MaT MPEIBUJ  Pa3NpENEIIEHUETO, MECTOIONIOKEHHETO W HMCKaHaTa IPOITyCKaTelTHa
cnoco6HocT oT UES B 30HaTa Ha nmokputne Ha APS.

B CPWAS xapakTepbT Ha nHTep(epeHTHATA cpelia ce M3MEHS HEIPECTAaHHO B 3aBHCUMOCT OT
pasIpeieneHneTo, pa3noiokeHneTo u quHamukata Ha UES, mo oTHoleHne Ha MHOKECTBOTO
XETepPOreHHU U IUIBTHO paznonoxeHu APS. M3xoxnaiiku oT ¢(akra, 4e Ipu TaKbB CIIEHApUI
uma yciosus, npu kouto SINR Moxe 7a ce BIOLIM HEJAOMYCTHMO, € NMPEeIoKEeH MOAXO0M 3a
JUHAMUYHO U e(QEeKTHBHO YIpaBJICHUWE Ha pecypcH, Oa3upaH Ha aHaIM3 W MOJEIHpaHe Ha
pucka. B ocHoBaTa € MMIUIEMEHTHMPAHETO HA IPOAKTHBEH MEXAHW3bM 3a YIIpaBJIICHHE HaA
cMylleHusiTa Ha 0a3ara Ha o0Illa mpolenypa 3a KOpUTMpaHE Ha IpelaBaTelHaTa MOIIHOCT
U/WIM peXUMBT Ha padora Ha APS B 3aBUCUMOCT OT B3aMMHUTE cMylleHusATa, kouto UES morat
J1a CU MIPUYUHST.

[TpemnoxeH e MeTo 3a peanu3anusa Ha 3S ¥ aBTOHOMUYHH (yHKIIMOoHATHOCTH B CPWAS, npu
KOHTO JIOTMKATa Ha aBTOHOMHYHOCTTA € IOCTaBeHa B OT/AeNIHA KOorHUTHBHA paBHHHA B ANOS,
KOSATO Ja B3aMMOJCHCTBA W KOHTPOJHMPA Pa3IUYHUTE KOMYHHKAIIMOHHU TEXHOJIOTHH U
ycTpoiicTBa. B ocHOBaTa Ha mpeayioxKeHUsT METO/I € TIpriiaraHeTo Ha cxema 3a ML, 6a3upana Ha
abcTpakiys, MOIYTHOCT W HepapXusi, KaKTO W aJanTaius 4ype3 oOy4eHHe OT MpEeBAPUTEITHO
00paboTeH! JaHHU, TEHEPUPAHU OT MpEKaTa.
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13. IIpemyioskeH € MeToJ 3a CaMOKOH(UTypHpaHE M CaMOOPTaHW3MpaHE Ha pa3NpeieICHHETO Ha
pecypcu B CPWAS BB3 oCHOBa Ha npujiaraHe Ha KOMOMHUpPAH aJrOPUTHM, OCHOBaH Ha Q-
o0y4YeHHEe TOJCWICHO C pPOJIEBU WIPOBH MOAXoA. B paborara Ha anropuTbMa € 3aJOXKEH
MOJYKOOPAWHUPAH TMPUHIIMIL, 32 JIa C€ TapaHTUpPa CIPABEIIMBOCT U KOOMEPATUBHOCT MEXKITY
APs ¢ orizen ocBoOOXJaBaHE Ha peCypcd M YBEIMYaBaHE Ha CpeJHaTa IpoIycKaTeilHa
crnocoOHOoCT. M3mon3BaT ce mo3HaHuATa 3a pasnpezencHueTo u auHamukara Ha UES, 3a na ce
NpeABUIN OYaKBAaHOTO MM MECTOIIOJIOKEHHE U C€ CEKTOpU3Mpa 30HaTa Ha oOcimyxkBaHe Ha APS
KaTO CBHIIEBPEMEHHO C€ OTYMTA KaKBH PECYpCH H3IOJ3Ba BCsika AP M KakBU CMYIICHUS Ce
noxydaBar. Ha cexTopuTe ce Ha3HayaBaT pa3IM4YHU POJM C OTJIEN MMOCTUTaHE HAa ONTHMAIHO
HUBO Ha ynomieTrBopeHocT (wmm 3amaneHo Q0S) ma UES BBB Bceku cektop. Bcesika poins e
(GyHKIMS Ha M3MOJI3BAHUTE PECYPCH, BB3MOXKHOCTTA 3a OCBOOOXKJAaBaHE Ha pECypcH 3a
u3I03Bane OT Apyru APS u cMyiieHusITa, KOUTO MPEIU3BUKBA CEKTOPA.

IV.13110JI3BAHU CBbKPAIIIEHUA

3C Computation, Communications and Control (0] In-phase Quadrature
3S Self-configuration, Self-organization and KPI Key Performance Indicator
Self-optimization LTE-A  Long Term Evolution Advanced
5G 5th Generation LV Lotka-Volterra
AER Active Extended Range M2M Machine-to-Machine
Al Artificial Intelligence MAP Macro Access Point
AN Access Network mAP micro Access Point
ANOS  Access Network Operating System MDP Markov Decision Processes
ANR Active Normal Range MIMO  Multiple-Input and Multiple-Output
AP Access Point ML Machine Learning
APG Access Point Group NGA Next Generation Access
BD Big Data NG-PON Next-Generation Passive Optical Network
BS Base Station NN Neural Network
CA Carrier Aggregation OAM  Operation, Administration & Maintenance
CDMA  Code Division Multiple Access OFDM  Orthogonal Frequency Division Multiplexing
CPS Cyber Physical System OLPC  Open Loop Power Control
CPWAS Cyber Physical Wireless Access System OPL Optimum Level of Performance
CR Cognitive Radio PAP pico Access Point
C-RAN  Centralized, Collaborative, Cloud and Clean QoE Quality of Experience
Radio Access Network . .
) QoS Quality of Service
DCI Dynamic Control Impact )
: _ RF Radio Frequency

DSSS Direct Spread Spectrum Signals . .

RL Reinforcement Learning
EE Energy Efficiency .

SC Smart City
eNB evolved Node Base . .

SDR Software Defined Radio
FL Fuzzy Logic .

) o SE Spectral Efficiency

GSM Global System for Mobile communication

SINR Signal to Interference plus Noise Ratio

HetNet  Heterogeneous Network . . .
SNR Signal to Noise Ratio

loT Internet of Things
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SON
UCN
UDH
UE
UHM

Self Organizing Networks UMTS  Universal Mobile Telecommunications

User-Centric Network System
UPC Uplink Power Control

UWA Unified Wireless Architecture
UWAN  Unified Wireless Access Network
VNC Virtual Network Core

Ultra Dense Heterogeneous
User Equipment

User Heat Map
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ABSTRACT of D.Sc. THESIS

The topic of this dissertation is related to the proposal and development of approaches related to
ensuring ubiquitous connectivity and efficient resource management in user-centric ultra-dense
unified wireless access scenarios. Due to the rapid development of digital and ICT technologies,
convergence of communication networks such type of access networks are expected to evolve in
future Smart Cities. The will be characterized by a dense distribution and variety of users (human
and machine) with high mobility and heterogeneity of densely deployed access points. In this aspect
the dissertation proposes novel approaches, the implementation of which will provide ubiquitous
access and connectivity to such types of users, as well as the efficient use and management of the
limited communication resources in the access points. The application of such approaches is
expected to provide a visible "endless capacity” to the users irrespective of their type, number in
unit area and their dynamics. The dissertation introduces a new concept and structural approach to
modeling such future access networks as large scale Cyber Physical Wireless Access System
(CPWAS). For the provision of user-centric access in CPWAS heuristic approaches and algorithms
for dynamic user association and access point grouping are proposed. The introduction of RF data
analytics, along with examples of the results from its practical implementation, is a new approach
that can enhance the efficient utilization of the most expensive and limited wireless access resource
- the radio frequency spectrum. Cognitive radio and coverage optimization approaches for more
efficient spectrum utilization are also considered. For efficient resource management is such future
access networks new approaches to ensuring ubiquitous connectivity and efficient resource
utilization based on the joint implementation of role-game theoretic and machine learning
approaches are proposed. Generalizing, the goal of the thesis could be formulated in the aspect of
“Provision of novel approaches for the implementation of access networks in the future that will
meet the users’ ubiquitous and unlimited connectivity requirements. Such approaches should allow
the implementation of methods for utilization and management of the limited communication
resources in User-Centric Ultra-Dense Wireless Access through which a visible "endless capacity"

to the users, regardless of their type, number of unit area and their mobility could be provided.”
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Topicality of the problem

The rapid progress and the evolution of telecommunication technologies lead the world to a fully
networked society where the access to communication resources and the exchange of information
will be possible everywhere and at any time by anyone or everything. "From the smallest personal
belongings to the major continents, everything will be digitally connected and will respond to what
we want and like" [1]. Today's vision for the future access network implies that access technologies
will maintain connectivity between people, machines, devices, and a diverse range of everything
else that can be connected. Even today, however, the huge increase of the multimedia traffic caused
by the growing number of applications, social networking, online gaming, etc., along with the new
types of communication technologies imposed by the Internet of Things (loT) and Machine-to-
Machine (M2M) communications, causes problems and challenges affecting the access to the
network, the connectivity and the ability to transmit and process large volumes of data generated by
end users and devices. In order to be able to address these challenges, to make possible the
management of all these connected things and meet the increasing traffic requirements, the future
generation of Access Networks (ANs) will have to introduce new functionalities and maintain a
much wider range of services. Future ANs, especially those in Smart Cities (SCs), will also impose
new requirements on the way the access to the network is realized, as they are expected to be very
dynamic in nature and with a very dense user and Access Point (AP) distribution. In relation to all
this, the issue of providing ubiquitous connectivity and efficient resource management in user-
centric ultra-dense wireless ANs is very topical.

Goal of the dissertation, basic tasks and research methods

The goal of the dissertation is formulated as follows: To introduce novel approaches for the
realization of future Access Networks that will meet the requirements for ubiquitous access and
user connectivity, and will allow the implementation of such methods of utilization and management
of the limited communication resources in the wireless access, through which an “apparent to the
user unlimited capacity” will be provided, regardless of their type, number per unit area and
mobility. The dissertation thesis puts forward several tasks to be solved, the main ones being related
to the provision of new approaches for association, grouping and co-operative communication of
users and APs, thus providing seamless, ubiquitous and instant connectivity and robust handover
procedures. Necessary conditions for this are the introduction of innovative approaches for
collecting, processing and analyzing sensor and monitoring data in order to allow contextualization
of the wireless access and the proposition of resource sharing and resource management algorithms,
based on cognition and intelligence, to allow the effective use of the wireless interfaces.

Methodological basis

The methodology of research in the dissertation includes the use of analytical, statistical, simulation
approaches and Big Data (BD) analytics. The analysis of the development of the ANs and the AN
modeling concept from a Cyber-Physical System (CPS) perspective is based on this methodology,
including the proposed generalized approach and related methods for providing ubiquitous
connectivity and efficient resource management in user-centric, ultra-dense unified wireless ANSs.



Scientific novelty

The dissertation proposes new approaches, the implementation of which will provide ubiquitous
user access and connectivity as well as efficient utilization and management of the limited
communication resources in ANs, through which an “apparent to the user unlimited capacity” could
be provided to the users irrespective of their type, number in unit area and dynamics. The approach
to modeling the AN as a Cyber Physical Wireless Access System (CPWAS) and its structural
concept is not found in the literature up to now. The proposed heuristic approaches and algorithms
for APs grouping and dynamic user association is a novelty in the methods for realization of user-
centric access. The introduction of the specific area of Radio Frequency (RF) Data Analytics, along
with examples of its practical implementation, is a new approach to the application of radio
spectrum analysis for more efficient utilization. Novel is also the proposed approach to ensuring
ubiquitous connectivity and efficient resource management in user-centric ultra-dense unified
wireless ANs, based on the joint implementation of Game Theory and Machine Learning (ML).

Practical applicability

All methods and models developed in the dissertation are validated by simulation experiments or by
analyzing the results from their practical implementation and testing. This provides the opportunity
the application of the results of this dissertation in practice to be straightforward and easy. The
proposed methods and models are compared to others that have similar functionalities and/or
features, and with similar goals in terms of achieving better performance.

Publication of the results of the research

The analysis, the proposed approaches and the results are presented in 35 author’s publications in
the period 2012 to 2019, as follows:

»  Six author’s publications, including one monography [A28], two book chapters [A7], [A25],
two international conference papers [A8], [A11l] and one impact factor journal publication
[A6].

= The rest 29 publications are co-authored, including 12 international conference papers, 4 book
chapters, 13 international journal papers, of which 11 are with impact factor and/or impact
rang.

All publications except the monography are indexed in SCOPUS and/or WoS.

In order to analyze and evaluate the publicity of the proposed dissertation thesis, it could be noted
that by May 2019, 42 citations of the author's publications are in SCOPUS. Citations in other
databases are available (such as WoS, Google Scholar, internet, etc.).

Structure of the dissertation

The dissertation has 193 pages including introduction, four chapters and conclusion; lists of figures,
tables, abbreviations, author's publications and references. The thesis contains 82 figures, 12 tables,
80 mathematical expressions, 218 references. The numbers of the figures and the tables in this
extended abstract correspond to those in the dissertation.



Chapter 1 analyzes the development of ANs and proposes the concept of evolution of the ANs to
networks based on a unified wireless access (UWA). Such access will be characterized by flexible
user association schemes ; approaches for cooperative communication of groups of User Equipment
(UE) and APs; innovative approaches to resource sharing and resource management; intelligence
based on the collection, merging and processing of sensor, monitoring, and other types of data. All
this, along with the application of ML and Artificial Intelligence (Al) algorithms will allow the
implementation of 3S (Self- configuration, Self-organization and Self-optimization), functionalities,
state prognosis, adaptation and evolution of the AN. Based on a comparative analysis of the
characteristics and functionality of such UWA with those of a CPS, the vision of their functioning
and modeling as CPWAS is proposed. As a result, the main tasks of the dissertation are formulated,
related to the proposition of: new schemes for association, grouping and cooperative
communication of users and APs; new approaches to collecting, processing and analyzing RF data
and contextualizing of the wireless access; methods of efficient resource sharing and resource
management.

Chapter 2 proposes approaches for associating, grouping, and cooperative user and APs
communications to provide seamless, ubiquitous and uninterrupted connectivity to different types of
UEs in CPWAS. They are based on methods of proactive connectivity management and APs
grouping and are implemented through heuristic algorithms with low computational complexity and
simplified analytical calculations. Based on these approaches, CPWAS through the Access Network
Operating System (ANOS) will be able to organize dynamic groups of APs for the introduction of
user-centric functionalities. For the implementation of association, grouping and cooperative
communication schemes in CPWAS, two mandatory functionalities are proposed: intelligent
monitoring and analysis of RF data and efficient organization and management of resources.

In Chapter 3 are proposed approaches to the practical implementation in data cloud structures of RF
data processing and analysis, contextualization and prediction of user behavior. The concept of "RF
analytics™ is introduced, reflecting the processing, analysis and extraction of knowledge from large
volumes of RF data. For the practical implementation of adaptive spectrum monitoring approaches
a platform is proposed allowing connection of different types of RF clients. An approach for user
mobility, activity and distribution prediction is proposed based on User Heat Maps (UHMSs). The
application of RF analytics and user behavior prediction are essential prerequisites for the
realization of the basic functionalities necessary to be implemented in CPWAS.

Chapter 4 proposes approaches for efficient resource management and the realization of 3S
functionalities in ANOS, with low computational complexity. For resource management, two
approaches are proposed: a role game approach providing trade-off between UEs Quality of Service
(QoS) and easy CPWAS administration; and an approach based on risk prevention and management
for effective APs resource utilization. For the implementation of 3S functionalities, ML algorithms
and a combined algorithm combining Q-learning and Game Theory are proposed.



II. CONTENTS OF THE DISSERTATION
CHAPTER 1. Access Networks with Unified Cell-less Architecture

In this chapter the development of wireless Access Networks (ANs) towards Heterogeneous
Networks (HetNets) and the emergence of ANs with ultra-high density and heterogeneity are
discussed. The emergence of new network architectures, based on new approaches to servicing the
users, converged cell-less networks, as well as the prerequisites for the emergence of a unified cell-
less access architecture are justified. A model of a unified wireless access network is proposed from
the point of view of a large-scale Cyber Physical System (CPS).

1.1. Development of the wireless ANs

At a certain stage in the development of mobile communications it will no longer be possible to
increase the channel throughput due to the theoretically possible limits and bandwidth limitations.
In these cases, the only possibility is to increase the bandwidth and/or to move to higher operating
frequencies and higher density of placement of the Base Stations (BSs) and Access Points (APS).
Therefore, in the future, the major innovations in this area are expected to be aimed at reducing the
cost per one bit of transmitted information and energy costs per bit. This can be done mainly by
changing the cellular infrastructure, introducing innovative approaches to sharing the radio
spectrum and air interfaces, effective utilization and management of resources.

1.1.1. Convergence of fixed and mobile ANs

This convergence is in practice an integration of wireless and fixed networks for provision of
different kinds of broadband services, including voice, video and multimedia. Such scenarios are
already being implemented in practice since they not only provide a variety of services to end-users
but also give a wide range of benefits to service providers and operators. Such hybrid architectures
are considered to be the cornerstone of future ANs and will be based on the integration of Next-
Generation Passive Optical Network (NG-PON) with Long Term Evolution Advanced (LTE-A),
5th Generation HetNets, or Centralized, Collaborative, Cloud and Clean Radio Access Networks
(C-RAN) [7, 8].

1.1.2. Distributed and hierarchical converged HetNets

Besides the convergence of fixed and mobile networks, today the trend in wireless ANs is the
implementation of distributed and hierarchical HetNets. The introduction of the HetNets concept,
including coordinated macro and pico or even nano coverage, is considered as a means to improve
the capacity and throughput of the ANs. However, these networks are characterized by drawbacks
related to the delivered to the end-users QoS and Quality of Experience (QoE) (especially for fast
moving users) due to the fact that in complex electromagnetic environments such as those in a
Smart City (SC), the high density of installed BSs/APs can cause highly correlated noise or
interferences that will worsen the QoS on neighboring BSs/APs [24]. This section outlines some of
the drawbacks of converging HetNets, noting that they can be overcome by introducing intelligent
resource management approaches and by the deployment of new AN architectures based on the
principles of virtualization and shared resource utilization.



1.2. ANs with ultra-high density and heterogeneity

A specific feature of future ANs is the availability of different types of users (human and machine)
with high dynamics and diversity in terms of mobility and services. A typical scenario of such Ultra
Dense Heterogeneous (UDH) networks, from both user and network aspects, are the ANs in the
future SCs.

1.2.1. Challenges with the implementation of UDH access networks in SCs

The immediate implementation and interconnection of different types of HetNets into a common
communications infrastructure will not be able to support the ubiquitous information services in
future SCs [27]. For SCs, instead of such a direct interconnection of HetNets, a new converged
network architecture based on heterogeneous wireless networks and different transmission
technologies has to be proposed [28, 29]. The essential technological features of wireless ANs in
SCs are related to a transformation of the network based on:

v' massive ultra-dense networks and cell size reduction to make use of the frequencies above
6GHz to meet future traffic demands and achieve maximum network energy efficiency;

v’ integration of multiple wireless access technologies and implementation of sophisticated
transmission techniques such as: massive Multiple-Input and Multiple-Output (MIMO),
beamforming, coordinated transmissions, etc., which will enable efficient allocation of the air
interface wireless resources (power, time, bandwidth, frequency, space);

v intelligent resource management such as: real-time intelligent control and utilization of the
wireless resources, based on: antenna muting, sleep modes, energy optimized mixed
transmission rates, dynamic routing, topology optimizations, etc.;

v" novel interference management and energy efficient approaches, such as: interference
alignment, sophisticated power control, off the grid power, energy harvesting, etc.;

v inclusion of ultra-narrowband and short-burst (sporadic) communications, for Machine-to-
Machine (M2M) applications with minimal energy consumption, and device battery life in
excess of 10 years.

The implementation these technological features will impose many issues and challenges, that could
also act as disruptive factors and/or driving forces in the realization of the wireless AN in a SC
[A1]. Some of these are:

v' The ultra-dense deployment of different technologies and types of Access Points (APs) for
ensuring higher data rates and ubiquitous information services will bring up issues with the
resource management and provision of the required network QoS when transmitting uplink and
downlink streaming multimedia traffic [A2], [A3].

v The more complex and volatile mobility scenarios will raise complicated handover and load
balancing issues [29, 30].

v' The variety and increased complexity of the wireless channels in the millimeter-wave
transmission due to many obstacles causing diffraction, in addition to the complicated SC
electromagnetic environments, will cause severe interference and power control issues [24].



v" The large number and variety of users, Internet of Things (IoT) and M2M applications and
emergence of a new class of control systems (requiring ultra-low-latency communications),
such as remote controlled autonomous vehicles, will bring up delay and latency issues due to
saturation of the spectrum and its utilization.

v The traffic load in SCs will fluctuate in space and over time. The fluctuation of the traffic load
in the spatial domain will be due to the stochastic spatial distribution of APs in SC. Fluctuations
in traffic over time will result from user mobility, depending on work and lifestyle in SCs [31].

1.3. Convergent cell-less networks

For these challenges to be handled and for the realization of an effective UDH access, new network
architectures based on novel approaches for serving the users have to be proposed. In general, they
have to implement simple user association schemes with the goal of 1:1 type of service (one AP
serves one user), grouping of active mobile terminals for cooperation, mobility prediction, and
flexible solutions in coverage and energy efficiency. New and innovative approaches are already
being considered for SCs, such as the introduction of ultra-dense HetNets and converged cell-less
networks to handle some of the a.m. challenges. The idea behind these is to practically implement
novel user association schemes and/or converged cell-less scenarios, as for example are the ones
proposed in [A4] and [32].

1.3.1. Challenges with the convergent cell-less ANs

Cell-less communications can provide flexible solutions to ensure coverage and energy efficiency in
future SCs, i.e. they can solve the heterogeneous problems at the physical level. But in order the
benefits of cell-less communications to be realized, cloud computing and data processing are
expected to collaborate with and become part of the cell-less infrastructure. The cell-less
telecommunication access approach can solve some of the challenges related to the physical level,
but for the goal of performance optimization, user cooperation, mobility prediction and the
implementation of flexible solutions in coverage and energy efficiency, intelligence has to be
implemented overall in the cloud-based infrastructure of the network [27]. Bringing intelligence in
HetNets is not a new topic and many Artificial Intelligence (Al) based techniques have already been
proposed for realization of autonomic management capabilities, such as self-configuration, self-
organization and self-optimization (3S) of HetNets [35], [A5]. The tendencies towards Self
Organizing Networks (SON) is one step forward to a novel approach towards incorporating
intelligence in the network, which will have influence also on the way the networks are accessed.

Such intelligence can only be implemented if a proper analysis of the different types of data
observed and stored in the AN cloud is possible to be performed. The data will be gathered from
both the monitoring of the physical environment and the user behavior, as well as from the AN's
Operation, Administration & Maintenance (OAM) system. This will require the implementation of
a subscriber access infrastructure with a wide range of sensing capabilities and storage conditions
for big data. Figure 1.5 illustrates the variety of wireless nodes, different types of users and sensors
in the infrastructure of an AN in a future SC [A6].
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1.4. The cell-less unified access architecture

Given the challenges for cell-less networks in terms of grouping, cooperation, convergence of
information and communication infrastructure, intelligence, etc., it can be argued that in future SCs
ANs will evolve towards the realization of a cell-less and Unified Wireless Architecture (UWA).
The argument for this assumption is set out below, based on what has been described in the
previous points regarding the convergence of HetNets and converged cell-less networks and taking
into account the perspectives for development of the ANs outlined in [A6], [A7], [36, 37].

1.4.1. Basic prerequisites for the emergence of UWA

The development of information and communication technologies and networks is changing the
way we interact among each other and with the surrounding environment, and is taking us into an
era of communication with anyone and/or anything, and accessible by anyone and/or anything. A
new digital existence is appearing, “one in which we are always connected and can communicate
with any system, device or person, allowing continuous and perpetual augmentation of our lives”
[36]. This means to say that hyper-connectivity will be one major symptom of the access network in
SCs. Hyper-connected telecommunication infrastructures and networks will be the “single, most
indispensable element of binding humans and individual societies, industries, economies, and
humans, building an infrastructure of large-scale, complex and highly networked systems whose
efficiency, sustainability and protection would require intelligent, interoperable and secure ICT
solutions and novel business models” [36]. From the user perspective, this means that the user
(human and machine) will be able to connect to the network from anywhere and at any time (not
depending on the underlying AN) and utilize the apparent “infinite capacity” provided through the
effective utilization of the telecommunication access infrastructure due to implementation of shared,
flexible and reliable solutions.

1.4.2. Basic characteristics of the ANs in future SCs

This section discusses and summarizes the characteristics of ANs from the following main aspects:
distribution of the access, access to resources, network intelligence, and user behavior. The concept
of a Unified Wireless Access Network (UWAN) is presented in Figure 1.6 [A6], [A8].

9



User Action DATA CLOUD AND
USERS User Action Data NETWORK CORE

Non - Humans | 1

U L & ANOS —
Bl & | = ]
| - Access .
o~ A (« l,,) Network Data A:alytlcs
'é‘ Eﬁi Service o EE—
Feedback User’s Pattern
— ((( ))) Definition
Fiumans — Control v
@ User = Feedback Avrtificial Intelligence | | <
Association | ((1)) A v
«—> é UWAN —— Control
‘ Physical 3S and Network
i Data Evolution
Physical Parameter
Sensing >

Fig. 1.6 Structure of the UWAN Architecture [A6], [A8]

The users’ (human and non-human) actions, related to their behavior (mobility, connectivity,
requirements, generated traffic, etc.), are monitored via a User Action monitoring block collecting
information from the User Equipment (UE) and the UWAN. The resulting user data is send to the
Virtual Network Core (VNC). In the VNC the Access Network Operating System (ANOS) and
other functionalities related to the intelligence of the network are implemented. To fully utilize the
intelligence of the network the VNC receives data from monitoring of the overall operational state
of the UWA network and other physical parameters (environmental, channel conditions, spectrum
utilization, interference, etc.). Based on Al and ‘big data’ analytics actions are generated. Through
respective feedback loops the operational state of the network is controlled, the User-to-AN
association functionality realized and the required service provided to the users. The 3S and
network evolution features are implemented in the VNC. Due to virtualization and unification of the
access, adaptation to an ever-changing physical environment and stochastic user behavior will be
possible so that the system to be able to implement the concept of “hyper-connectivity”.

1.5. UWAN as a cyber-physical system

1.5.1. Basic characteristics of cyber-physical systems

In this point the definition and features of a typical Cyber Physical System (CPS) are considered,
including its physical components, sensors, computing devices, and a communications network, all
these enabling the physical world to be monitored, controlled and influenced based on embedded
intelligence, with the goal to adapt, organize and evolve the system. An up-to-date definition
connecting the 10T with CPS is given in [39]: “CPSs are systems featuring a tight combination of,
and coordination between network systems and physical systems. By organic integration and in-
depth collaboration of computation, communications and control (3C) technology, they can realize
the real-time sensing, dynamic control and information services of large engineering systems.”
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1.5.2. UWAN as a cyber-physical access system

Considering the CPS definitions given in [38, 39, 40] and the previous paragraph, it is worth noting
that the main CPS features can be attributed to the UWAN elements and interactions from Figure
1.6, for example: input and possible feedback from and to the physical environment; distributed
management and control; requirements for real-time operation; geographic distribution of the
infrastructure; multi-level structures and management features such as those of a system buildup of
multiple systems; ability to dynamically reconfigure the entire system over time; continuous system
development during operation; opportunity for emerging behavior. In the same way as CPS, a
UWAN must also be able to tolerate failures and faults, noise, insecurity, inaccuracy, security
attacks, lack of perfect synchronization, scalability, openness, increasing complexity, heterogeneity
and disconnections. Some of these questions are related to people as users in such a CPS. As noted,
in a CPS, a person, whether part of the chain or center, will bring uncertainty and unpredictability to
the system, and these problems could be solved by introducing intelligence in CPS that will allow
operation in dynamically changing conditions and will enable the system to adapt and evolve.
Summing up everything mentioned above, UWAN can be perceived as CPS with a control feedback
and users that introduce stochasticity into the loop of the system. By measuring user actions,
monitoring environmental parameters and physical (related to the communication channel)
parameters, applying data analytics methods to detect patterns of user behavior and habits, and
based on the implementation of solutions based on Al, this type of Cyber Physical Wireless Access
System (CPWAS) can overcome stochasticity in its loop and provide all requested services to its
users. The ability of this CPWAS to analyze and bring up knowledge about user behavior, actions
and preferences will be crucial to enabling automated and intelligent control over connectivity and
service delivery, contextualization of the wireless access, and ultimately for achieving the goals and
realization of the concept of hyper-connectivity in SCs.

Figure 1.6 can be the basis for defining models of such a CPWAS that reflect its basic parameters
and functional relationships in order to analyze and optimize its performance. The models should
include the parameters of user activity and physical environment, VNC and computational
components, control feedback, and the corresponding interfaces between them. The sources of
stochasticity and non-determinism in these models will be related to user mobility and behavior, the
physical environment, the variation of wireless channel parameters (interference, latency, delay
jitter, packet loss, etc.). In this case, some of the basic approaches to modeling CPS can be used.

An appropriate connectivity model or principle of associating a user to one AP in a CPWAS should
be based on algorithms of low computational complexity, providing seamless, ubiquitous,
instantaneous connectivity and robust handover procedures. Even when implementing UWAN in a
future SC, APs will have limited service capability and the possibility to process in real time the
user requests for service. Delay in responding to such requests is unacceptable for a complex
environment such as that in SCs with different types of users - human and machine. As noted in the
previous sections, connecting of a user with an AP in real-time and seamless handover from one AP
to another is mandatory, which means that CPWAS should function as a system without queues and
blocking. In addition, CPWAS is expected to have the necessary management and function in such
a way that it can provide alternatives to associating users to two or more APs. All this implies that
such a system needs to implement efficient and dynamic mechanisms for user association and
resource management. The implementation of dynamic association schemes for one or a group of
users to one or more APs as well as effective CPWAS resource allocation and management
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schemes can be based on defining various utility functions for different system parameters. They
can be considered static - depending on the wireless access infrastructure, or dynamic - related to
the communication profile of users (human and machine) requesting service. Such utility functions
can be used to achieve an Optimum Level of Performance (OPL) of the CPWAS that can be
described as a target function in the following way:

k
OPL = func UETi,z UEA;, UELoc;, MAX[uf;(ST;, p;, P,)] (1.2)

j=1

where UET; refers to the type of user i, ZUEA; to user activity, UELoc; is the user location with
respect to the available APs, ufj is a function of utility, required by user i, ST; is the type of service
(voice, data, text, image, video), p; are the dynamic parameters such as the current channel state,
user mobility, etc., and P, are static parameters depending on the specific AN infrastructure.

This approach describes the performance of the CPWAS as a continuous process with discrete
control impacts based on user types and values of the utility functions. This principle will allow the
use of predictive data analytics to ease the decision-making process. The input information for
determining a new state of the system is related to the feedback from monitoring the physical
environment and user behavior. As a consequence, the control impact will result from the
optimization procedure of the target function (1.1), i.e. "serving the user requests for association
with equal or better than requested QoS, while minimizing the use of the AP resources".

1.6. Conclusion

Based on the analysis of the development of Next Generation Access (NGA) networks and
considering the dynamic communication scenarios in a SC, it is concluded that the access to
resources in future SCs will be characterized with ultra-high density of APs, high heterogeneity and
mobility of users, and that practically it will be realized by evolved converged cell-less ANs. The
concept of the structure and functionality of an AN, called Unified Wireless Access (UWA), is
presented in this dissertation thesis. Unlike conventional cellular network architectures, in an
UWAN architecture, it will be possible to develop and implement features and functionalities such
as:

v' flexible schemes for mobile user association and approaches for the connection of cooperative
groups of users and APs;

v’ innovative resource sharing and resource management approaches, advanced transmission
methods (such as: massive MIMO, beamforming, coordinated transmission, etc.) and intelligent
real-time management;

v" AN intelligence, based on the collection and merging of sensor, monitoring and OAM data,
processing and analysis of Big Data (BD), and application of ML algorithms, Al, etc.;

v" development and integration of reliable and accurate techniques for modeling and predicting
user behavior by measuring user actions, monitoring environmental parameters and physical
(communication channel) parameters, analysis of BD for detection of models and correlations.
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1.7. Tasks of the dissertation

Based on all presented in this chapter and the proposed model of AN as a CPWAS, the dissertation
has the following main tasks:

1. To propose new schemes for association, grouping and cooperative communication of users and
APs in CPWAS. These schemes should take into consideration the spatial distribution of users
and APs and the wireless channel conditions. The schemes should be based on algorithms with
low computational complexity, providing seamless, ubiquitous, instantaneous connectivity and
robust handover procedures.

2. To propose approaches for collecting, processing and analyzing sensor and monitoring data that
along with the application of modeling and predictive techniques for user behavior and Al
algorithms will allow contextualization of the wireless access, state prediction, adaptation, and
evolution of CPWAS.

3. To propose resource sharing and resource management methods that will allow effective use of
the wireless air interface resources, based on the introduction of cognitive features and
intelligence in CPWAS, with regard to ensuring ubiquitous connectivity and required capacity,
i.e. the implementation of the concept of hyper-connectivity.

1.8. Contributions to Chapter 1

1. An analysis of the development of the ANs has been made based on which reasoned
conclusions are drawn about the impossibility of the NGA based on HetNets and 5G wireless
networks to meet the requirements imposed by a hyperlinked, diverse, and dynamic access
scenario such as is the one in a SC of the future.

2. The major characteristics of the AN in future SCs are defined, based on which the concept of
the structure and functionality of the AN and its evolution towards the so-called cell-less
Unified Wireless Access (UWA) is introduced.

3. Based on a comparative assessment of the characteristics and functionality of the UWA with
those of a large scale CPS, a new approach to modeling and analyzing the performance of such
access architecture, called CPWAS, is proposed. The approach follows the concepts of building
and operation of large scale CPS.

CHAPTER 2. Association, Grouping and Cooperative Communication
Schemes in CPWAS with Low Computational Complexity

CPWAS, as a service system, should provide the ability to track the current number of requests and
redistribute the load (dynamic association) with respect to the number of active service elements,
i.e. APs. In CPWAS, this will be one of the basic functions set up in ANOS to provide service to
any user request without waiting (without blocking). This chapter proposes a solution to the
problem of dynamic connectivity management, on one hand, based on new approaches and user
association schemes and grouping of APs, and on the other on the basis of approaches for the
implementation of cooperative work of groups of APs in order to ensure the necessary coverage and
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provide uninterrupted connectivity to users. These schemes are based on proactively managing and
dynamically connecting APs to a set of user requests for association and methods for APs grouping,
and are implemented through heuristic algorithms with low computational complexity and
analytical approaches that can provide seamless, ubiquitous, instantaneous and uninterrupted
connectivity in CPWAS.

2.1. Heuristic approaches and algorithms for dynamic user association and APs
grouping

The basic idea of the methods for dynamic user association is based on the assumption that it is
possible to adapt the architecture of the system through a Dynamic Control Impact (DCI). The
purpose of DCI is to provide service without buffering all user requests within one final time slot
[A10]. The starting point for developing the dynamic association model is based on graph theory,
and CPWAS is considered as a weighted non-directional graph. To implement the association
model in real time, it is necessary to develop a new and/or modify an existing algorithm combining
the advantages of Heuristic Concentration, Linear Programming, and Graph Theory [75].

2.1.1. Characteristic model of the servicing properties of the APs

By dynamically associating APs to a number of user service requests, the "ideal” DCI is the one that
will provide such a CPWAS architectural profile within each time slot, so that each request will be
associated for service to an AP which has equal or greater free capacity than the rate of requests for
association. The "1:1" service model is the closest to this "ideal" architectural profile, i.e. the
number of APs is equal to or greater than the maximum number of active user association requests.
In defining such a model, it is assumed that for each AP, at least two basic properties can be
inferred, representing the dynamic association process with proactive control with DCI [A4]:

v/ attraction rate - the longest distance from which an AP can provide service to a user. This
property is related to the ability to associate a user;

v’ saturation rate - the maximum number of user requests with a given QoS that an AP can serve
without queuing. This property is related to the capacity of an AP to provide service to user
requests.

By using such a model of representation of the APs properties, it is possible to solve the following
task: With a previously known user set and topology, as well as the nature and parameters of the
association requests, an effective service system structure to be defined. In this regard, the CPWAS
architecture with the corresponding APs must be dynamically controlled in such a way that within
each time slot the system is configured to ensure the condition of effective management of the
CPWAS, i.e. seamless and ubiquitous service of all user association requests and service provision
with the required QoS through the optimal utilization of the resources of each AP.

2.1.2. Dynamic user association and APs grouping model

The model that is proposed is based on the two basic properties of APs already defined, the
attraction rate and the saturation rate. In the model, the attraction rate is represented by a "Weight
Matrix" using the graph theory. The weight of each arc is calculated in the same metric in which the
attraction rate is measured. Thus, based on a "Weight Matrix", an assessment is made of the service
area boundaries of each AP. In the model, the saturation rate is represented by a "weight matrix of
the graph nodes™ describing CPWAS. The weight of each node is a positive number corresponding
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to the saturation rate of the AP (in the appropriate metric of capacity, bandwidth or other applicable
measure of the quantitative limit of the resources provided) or is zero if the node represents a user
generating a request for association and service. Thus, the model defines two types of nodes -
served (users) and serving (APs) represented respectively with a zero and non-zero value of the
saturation rate. To form the Weight Matrix, it is necessary to define an objective function that
reflects the specifics of the CPWAS operation as a connectivity provisioning system.

The variable in the model and respectively its formal representation as a linear programming task is
the "Association Table" or "Association Matrix". The Association Matrix A is a 2-dimensional
matrix of NxM size, where N is the number of served nodes (users) in the graph, and M is the
number of nodes providing service (APs). The Association Matrix needs to be compiled in such a
way as to provide unambiguous and up-to-date information which AP will service the requests of
each one of the users within the next time slot. From a practical point of view, the Association
Matrix is the physical expression of the DCI, and in each time slot this matrix is updated.

The key element of the dynamic association and grouping model is the definition of the objective
function and the corresponding optimization task.

Objective function for dynamic user association and APs grouping

The objective function is formed on the basis of three "price” components, one of which is static
and two dynamic. The objective function reflects the "total cost" of associating and providing
requested services and QoS to a given user i to an AP j, at a distance d;; from user i:

Objective Function = Ps(i,j) + Poan (i, J) + Pap(j), (2.1)

where Pg(i, j) is the “price for service”, Poam(l,j) is the “price of OAM®, Pap(i,j) is the “price of the
APs". The first member of the objective function reflects the CPWAS dynamics in terms of the
resources that will be needed to provide user-requested services under a service scheme defined by
the Association Matrix, i.e. which user from which AP will be served. The second and third
members of the objective function present the "OAM price” of the AP and its associated
infrastructure, depending on the user requests served as a result of the association. As noted in the
previous chapter, CPWAS is a "cell-less" structure and one user in a given time slot can be
associated with more than one AP, for example for the different directions of transmission or in
case of cooperative service by several APs with the goal to provide the necessary capacity.

Optimization task for dynamic user association and APs grouping

The purpose of the optimization task is to find the type of Association Matrix (matrix variable in the
task) in which the value of the objective function reaches its minimum, satisfying certain conditions
resulting from the limitations of the operation of CPWAS as a service system without blocking. The
optimization task consists in finding such a subset of p active APs, Xp € Xy and Xp = {1, ..., p}, for
which the generalized objective function (2.3) gets the minimum possible value under certain rules
and constraints imposed by the Linear Programming, APs attraction rate, and APs saturation rate
(capacity), taking into account the fact that APs need to serve user requests without buffering.

Taking into account the specifics of CPWAS as a slot-based service mechanism without buffering
and proactive DCI management, it is necessary the generic objective function, reflecting the
dynamic association of APs to the set of user service requests, to reflect also the dynamics within a
serving time slot (Ats):
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N(Ats) p(Ats) p(Ats)

Zapc (Aty) = Z Z a;; (At )w;;(Ats) + Z yi|[Vstat; + Vd;(Aty)]

i=1 jeXp JEXp
(2.12)
N(Ats) p(Ats) p(Ats) N(Ats)
= Z z aij(Ats)Wij(Ats) + z y] Vstatj + f 2 aij(Ats)Wij(Ats)
i=1 jeXp JEXp i=1

By applying the developed model and minimizing the generic objective function from expression
(2.12), two key issues are solved related to the dynamics and configuration of CPWAS as a service
system with proactive management and DCI. The first is related to the determination of the number
of active APs (medians) within the next slot, and the second to the creation and storing in the
ANOS a table (map) of user association requests for the next slot, i.e. which user to which active
AP or Access Point Group (APG) is associated for service. Therefore, the optimization task is
transformed into two-parametric and its formulation is related to finding the minimum of the
objective function [A11]:

N M M
Zypc(p,A) = 2 2 a;jwij + 2 yi(Vs; + Vd,) (2.13)
j=1

i=1 j=1

The specific feature of the objective function (2.13) is the second term that reflects the "price” of
the active APs. The specific assessment of the “price” through the introduction of the dynamic
component Vd; is typical for CPWAS and reflects its functioning. It is assumed that the AP's "cost"
within the current slot is a function of the served user requests for association without blocking.

2.1.3. Heuristic algorithm for dynamic user association and APs grouping

For the purpose of the multi-parametric optimization of the objective function (2.13), and
considering the fact that the task of finding p-medians in a weighted graph is NP hard, it is
necessary to develop an association and grouping algorithm that will allow simultaneous calculation
of the value of p (the number of active APs) and determination the type of Association Matrix A, in
which Zapg(p, A) reaches a minimum value. Given the dynamics of CPWAS and the need for an
efficient and with a relatively low computational complexity algorithm, the application of a
heuristic algorithm for bi-parametrical optimization of the objective function (2.13), called in the
sense of the applied heuristic procedure - ADD/DROP heuristics is proposed. The purpose of this
heuristics is to define such an absolute median subset of APs in graph G = (Xy U Xu, A) with
dimension p and members Xp € Xy, Where the objective function (2.13) reaches its absolute
minimum value [77].

2.1.4. Dynamic user association and APs grouping by applying ADD/DROP heuristic
algorithm

Figure 2.2 illustrates a block diagram of the ADD/DROP heuristic algorithm for dynamic user

association and APs grouping by applying an ADD procedure.
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Calculate and Create:
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User weights: WeightVector = [w;];
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Weigh matrix: W = [w;] = [widj];
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APs Saturation Rate: SaturationVector = [Psj];
Xp = {3, Pavsmin = 0, Aapsmin = [, Nassoc = 0, \

Znpc(Pavsmin: Aapsmin) = 00 -

Input data:
UEs and APs coordinates;
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APs static individual cost;

p=1 ‘ F»{ IndexActiveAP = 0, A = [], Zapo(p, A) = 0
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p<M i
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(IndexActiveAP) For each AP j
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For each User i
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]

> p=p+1l
Create Association Matrix A(p); . .
C;T?u?atessl'\?ma “_m atrix A(p; IF weightSum; < weightSum Then
R weightSum = weightSum;

Step 1: Choice of starting active AP

For each AP j
IF j € Xp and Ps; > 0 Then

Add AP; as a candidate for an active AP

Create Association Matrix A(p);
Calculate Nassocj

Calculate Zapc(p, A)j
Subject to Constraints (2.5) to (2.11)

Znpa(p, A) <
Znpc(Pansmins Aabsmin)

Znpa(p, A) >
Zppa(p-1, Ap1)
Remove AP; as a candidate for an active AP
Yes
End IF
> End Step 2: Adding a new active AP

Fig. 2.2 Block diagram of the ADD/DROP heuristic algorithm for dynamic user association and APs grouping by
applying ADD procedure

IF Zapa(p, A)j < Zarc(p, A) Then
Zppa(ps A) = Zars(p, A)j, AP) = A(P);,
Nassoc = NASSOij
IndexActiveAP = j

End IF

to the median subset Xp.

I
Add selected active AP (IndexActiveAP)

The application of the ADD/DROP heuristic algorithm for user association and APs grouping for
dynamic connectivity management in CPWAS is illustrated by a simulation experiment. The
following scenarios are considered:

= Scenario 1. There are no limits to the parameters attraction rate Pa; and saturation rate Ps;.
Each AP j can serve any one of the users. It is allowed a given user i to be associated for service
to more than one active AP.

= Scenario 2. There are no limits to the parameter saturation rate Ps;. The parameter attraction
rate Pa; is limited. Each AP j can serve some users. It is allowed a given user i to be associated
for service to more than one active AP.

= Scenario 3. There are limits applied to the parameters attraction rate Pa; and saturation rate
Ps;. Each AP j can serve some users. A given user i could be associated to only one active AP.
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= Scenario 4. There are limits applied to the parameters attraction rate Pa; and saturation rate Ps;.
Each AP j can serve some users. It is allowed a given user i to be associated for service to more
than one active AP.

= Scenario 5. Same as scenario 4 with user mobility. It illustrates the dynamic restructuring of the
APGs in scenario 4, taking into consideration the user mobility in several consecutive time
slots, maintaining connectivity and realizing the principle of “network following the user”.

At each step of the ADD/DROP heuristic algorithm for dynamic user association and grouping of
APs through application of the ADD procedure, an active AP is added to the median subset and the
Association matrix A is constructed. The user association and grouping of the APs according to the
logic of the algorithm continues until such a median subset of active APs is obtained, whereby the
objective function Zapg(p, A) reaches its absolute minimum.

For scenario 1 the results of the calculation of the objective function is shown in Figure 2.3. From
Figure 2.3 it could be seen that at the first step (p = 1) of the algorithm all users are associated to
receive service from one active AP, as there is no limit to the attraction rate Pa;. At the next steps
of the algorithm the number of active APs increases but the value of the objective function
decreases to reach an absolute minimum at p = 8, which means that at this point the system
performance is optimal, i.e. most effective resource utilization. Figure 2.4 illustrates the
performance of the algorithm in scenario 2. As can be seen from the results obtained after
associating all 50 users at p = 6, objective function starts to decrease until reaching the absolute
minimum at p = 10.

— Objective Function === Number of Associated Users

16 60

Zppc(P, A)
"

Number of Associated Users

/7

/ ?
20

i E— 8;7.241 10
4 ; . T — 0
0 10 20 30 40

Scenario 1 Step p (Number of Active APs)

Fig. 2.3 Scenario 1: Results of the calculation of the objective function
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Fig. 2.4 Scenario 2: Results of the calculation of the objective function

Figure 2.5 and Figure 2.6 are a graphical representations of the Association Matrix A illustrating the
connections between users and APs for scenario 1 and scenario 2 respectively and also representing
the results from the application of the ADD/DROP heuristic algorithm for user association and AP
grouping. From these figures it could be seen that in these two scenarios the users are associated for
receiving service from separate APs without the creation of APGs because there are no conditions
under which a user cannot be fully served by one active AP. This is due to the fact that there are no
resource (capacity) limitations of the APs and hence there is always the possibility that one active
AP can provide all the requested capacity to the given user.

‘ILegend: @UE O Available AP @Active AP — UE is associated to AP {

.
P
e

Fig. 2.5 Scenario 1: APs grouping and user association for p =8
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‘I Legend: @UE (0 Available AP @Active AP — UE is associated to AP {

Fig. 2.6 Scenario 2: APs grouping and user association for p = 10

In scenario 3 and scenario 4 the minimum of the objective function is at p = 16 and p = 14
respectively, as shown in Figure 2.7 and Figure 2.8.

= Objective Function === Number of Associated Users
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Fig. 2.7 Scenario 3: Results of the calculation of the objective function
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= QObjective Function === Number of Associated Users
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Fig. 2.8 Scenario 4: Results of the calculation of the objective function

Figure 2.9 and Figure 2.10 illustrate the results of applying the ADD/DROP heuristic algorithm for
user association and AP grouping for scenario 3 and scenario 4 respectively.
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Fig. 2.9 Scenario 3: APs grouping and user association for p = 16
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‘lLegend: QUE O Available AP @Active AP — UE is associated to AP {

Fig. 2.10 Scenario 4: APs grouping and user association for p = 14

The purpose of scenario 5 is to demonstrate how the APGs in scenario 4 (time slot Aty) are
dynamically restructured taking into account the mobility of users in three consecutive time slots
(Aty, At, and Atz), maintaining connectivity and realizing the principle of “a network following the
user”. The objective function at all the three consecutive time slots reaches its absolute minimum at
p = 14 as shown in Figure 2.11, Figure 2.12 and Figure 2.13.

In Figure 2.14, Figure 2.15 and Figure 2.16 the results of applying the ADD/DROP heuristic
algorithm for dynamic user association and AP grouping for scenario 5 respectively for At;, At, and
Atz are shown.
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Fig. 2.11 Scenario 5: Results of the calculation of the objective function for At;
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Fig. 2.12 Scenario 5: Results of the calculation of the objective function for At,
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Fig. 2.13 Scenario 5: Results of the calculation of the objective function for At;

At time slot At; an APG consisting of two APs is formed (AP45 and AP53) each of which will
partially serve UES0, but the set up group will provide 100% service as required by the user, i.e. the
user will receive 87% resources from AP45 and 13% from AP53 (Figure 2.14). At time slot At
there is a change in the already created APG as the user continues to be served by AP45 and AP53,
but AP33 is added to APG (Figure 2.15). At time slot Atz there is no change in the APG (Figure
2.16), but there is a change in the resources provided to the user on behalf of the APs forming the

group.
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Fig. 2.14 Scenario 5: Dynamic access point grouping for time slot At;
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Fig. 2.15 Scenario 5: Dynamic access point grouping for time slot At,
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Legend: @UE Available AP @ Active AP — UE is associated to AP - --Mobility of UE50

Fig. 2.16 Scenario 5: Dynamic access point grouping for time slot At;

The determination of the time slots or time periods for regrouping of the APs (or updating the
APGS) depends on the structure and dynamics of the network, channel models, APs types and
density, user mobility and density, etc., which could be reflected in the algorithm through
appropriate determination of the attraction and saturation rates. Taking into account the dynamics
of CPWAS and that frequent regrouping will be required the heuristics and simple computational
complexity of the proposed approach will be the advantage for its application.

2.2. Association based on a partnership model

Another approach to solving the association task is based on "Choosing an Appropriate Partner™ by
assessing Behavior and Influence of the nodes. The idea of associating with this approach is to offer
a heuristic model for assessing the future "link" between a user and an AP in an extremely diverse
and dynamically changing environment, such as that of CPWAS. In [A12] and [A13], a model is
proposed for connecting communication nodes and evaluating their performance according to the
specific QoS requirements and the required resources. The model is based on an analogy of
establishing the long-term partnership relationship between the two people as described in [93].
Such a model can be used to detect, connect and interpret communication nodes in large-scale
unstructured and resource-constrained environments with the goal of collective resource utilization
and service delivery. The idea is to find a communication node that has the required set of desired
resource attributes in accordance with the request of the demanded service or application by another
node. This model can be successfully applied to associate users to AP in CPWAS, as the user and
the AP can be identified by several key variables. To illustrate the association method based on one
such partnership model, in [A12] a two-node scenario has been considered, each the nodes having a
specific role. In [A13] it is shown that in the process of establishing a communication link by
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choosing an appropriate device/partner there are many analogies to human communication during
the selection process of a long-term partner [93]. As in human interactions, the model proposed in
[A13] considers as a starting point a scenario of two nodes, each of which has a certain role, i.e.
user and AP. The node that initiates communication (N;) and the node that performs the association
and maintains communication (N,) are in role relationships reflected in expressions (2.15) and
(2.16) and are defined by evaluations based on a parameter called Influenced Behavior.

Bl(t + 1) = INZ_,Nle(t) + T'lBl(t) +a (215)
Bz(t + 1) = IN1—>N2B1(t) + rsz(t) + b (216)

where B(t + 1) represents the Behavior of N; in the moment t + 1, and B,(t + 1) is the Behavior of
N, in moment t + 1, which are evaluated through the following parameters:

= |\, N IS the value of the Influence of node N, on node Ny, a In; — n IS the value of the Influence
of node N; on node Ny;

= r;and r; are parameters, taking into account the required or the provided resources respectively
from node N; and from node No;

= By(t) and By(t) are the results from the Behavior of node N; and node N in the previous moment
of time t;

= aand b are integer constants, defining the device class (node N;) and the device class (node Ny);

= tisthe moment in time (number of iterations).

The Behavior is an assessment showing the capabilities of a given node (user/AP) depending on the
requirements it needs to meet (requested/available resources). This estimate can only have positive
values due to the specificity of the modeled phenomena. As a result, the values that the Behavior
parameter can have are integer values in a range that are determined based on a formula evaluating
this parameter in the absence of influences from other nodes, or the so called Uninfluenced
Behavior, as outlined in [A13].

The partner node is selected based on the algorithm shown in Figure 2.18 illustrating the node
selection for communication in a heterogeneous scenario described and analyzed in [A13]. Figure
2.19 shows one of the simulation results of a scenario described in [A12], which shows the current
values of Influenced Behavior of N1 and N2. The main reason for the fluctuations of the curves is
the negative Influence of N; on N, and the changes of r; and r,. It can be seen that after a certain
number of iterations (60), the Influenced Behavior of N, decreases considerably, as the resource
capabilities of the node decrease and only 30% of them remain free. Moreover, due to the loss of
resource, N, can no longer meet the requirements of Ny, resulting in the Influenced Behavior of N,
reaching a score of 12 that in the particular simulation scenario [A12] is equal to the Device Class
value of the node, representing the AP. This means that N, is no longer an effective partner for Ny,
and a procedure for finding a new partner must be started, i.e. new procedure for association.
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Fig. 2.19 Evaluation of the mutual influence of two connected communication nodes [A12]

In [A14] a model is proposed to evaluate interaction between nodes, representing the dynamics of a
complex sensor network in the Internet of Things (IoT) scenario where the goal is to increase the
probability of the existence of communication paths in a sensor network while maintaining network
resources and energy efficiency above a certain threshold. The starting point for the realization of
the model is the result of Figure 2.19, showing that two communication nodes can interfere with
each other negatively, which may lead to premature disconnection. The model applies the Lotka-
Volterra (LV) method, inspired by biology and reflecting predator-to-prey dependence, to
implement a more efficient model of communication between nodes. In this approach, each
component or node connects to a cluster, so-called "Hyper-graph™, in such a way as to have access
to other nodes under certain network constraints that define an optimization task. One advantage of
using such a heuristic model is that by solving the optimization task, a characteristic indicator or
metric can be defined to facilitate the modeling of Influenced Behavior and, hence, the process of
associating and providing connectivity to users in a dynamic system such as is CPWAS. Another
important advantage of the proposed model is the ability to compute the components in parallel and
in real-time, as the metric can be calculated and recalculated constantly and independently for
different sub-networks or APs (hyper-graphs), and then to be combined to effectively manage the
entire AN.

2.3. Cooperative association for the realization of user oriented functionalities

In a unified cell-less architecture, a user can be associated with a group of several cooperating APs
to provide the required bandwidth or service quality. Such a cooperative association will allow
CPWAS to function as an effective User-Centric Network (UCN).

2.3.1. Approaches based on ensuring optimal coverage

A strategy for optimal coverage probability based on cooperation, such as the one in HetNets, can
successfully be applied for the association of a node to several APs given that in a CPWAS the
coordination and management function for its implementation is realized in a centralized way by
ANOS. In [A15], coverage probability analysis with n interacting nodes for HetNets was performed
for both classes of strategies for improvement of the Signal to Interference plus Noise Ratio (SINR).
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An important result of the analysis in [A15] is the dependence of the interference coefficient (&)
shown in Figure 2.22, depending on the number of interacting nodes (n) for both strategies at 5 = 3
and g = 5. In all cases, the application of n-NC achieves a lower value of this factor than with n-IC.
From the point of view of a CPWAS, important is the nature of change of & with the increase of the
number of nodes n that will co-operate to associate and provide connectivity to a user. It can be
seen that the value of ¢ decreases with the increase of n, but when n > 6 an improvement of this
coefficient is not achieved.

2.3.2. Approaches based on spectral and energy efficiency

Other criteria that can be used for cooperative user association are spectral and energy efficiency. A
new Energy Efficiency (EE) optimization approach in respect of the Spectral Efficiency (SE) in
cellular networks is proposed in [A16], which can be used as a criterion for co-operative association
of one user to several APs. The basis for this is the fact that the monotonous increase in the
transmission power of APs does not necessarily lead to an improvement in the overall spectrum
efficiency of the network. For the energy efficiency analysis, an information theoretical approach is
applied, depicting energy efficiency as a function of the transmit power of an AP, taking into
account the interference signals, and then providing a gradient based solution to optimize the
transmit power level of the AP so as to receive the maximum energy efficiency. In cooperative
association of one user to several APs, it is essential that ANOS manages the transmission power of
the individual APs so as to obtain an optimal compromise between spectral and energy efficiency.
Formulation and solution of such an optimization task related to maximum efficiency as a trade-off
between spectral and energy efficiency is proposed in [A16] using baseline conditions and scenarios
such as those in [A15].

Figure 2.23 and Figure 2.24 show the energy and spectral efficiency as a function of the transmitted
power of the AP. It can be seen from Figure 2.23 that the results for the value of the power
transmitted by the AP from the simulation of different scenarios corresponding to the maximum
achievable energy efficiency almost match the theoretical value. An important result is the
saturation of the spectral efficiency after a certain optimum power value, although it is a
monotonically increasing function as seen in Figure 2.24.
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2.4. Conclusion

This chapter proposes approaches for association, grouping, and cooperative communications
between users and APs to ensure seamless, ubiquitous, and uninterrupted connectivity of different
types of user devices in CPWAS. The approaches are based on methods for proactive management
of connectivity and APs grouping and are implemented through heuristic algorithms with low
computational complexity and simplified analytical calculations. In order to be able to implement
the association, grouping and cooperative communication schemes proposed in this chapter, two of
the required functionalities to be implemented in CPWAS, as seen in Figure 1.6, are: a) monitoring
of the parameters of the wireless environment, and in particular intelligently to monitor and analyze
the radio frequency spectrum; and (b) flexible organization and management of the resources and
work of the relevant APs and APGs. Possible approaches to implementing these functionalities are
suggested in the following chapters.
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2.5. Contributions to Chapter 2

1. A model for proactive dynamic association of users and grouping of APs with low
computational complexity based on the theory of graphs was developed by defining two basic
properties of APs: Attraction rate and Saturation rate. An objective function for dynamic
association and grouping is defined, based on static and dynamic components, and an
optimization task for dynamic user association and AP grouping is formulated. To solve the
optimization task, a heuristic algorithm for association and grouping has been proposed and
developed, combining the advantages of Heuristic Concentration, Linear Programming and
Graph Theory. The performance of the developed algorithm is illustrated by a simulation
experiment for dynamically associating users for service to certain APs and/or APGs.

2. A method using a heuristic approach based on a partnership model, that can be applied to detect
and connect communication nodes in large-scale, unstructured and resource-constrained
environments with a view to collectively utilize the available resources is proposed. The
method is used in connection with the need to solve a complex optimization task in an
exponentially growing search space, such as the space of CPWAS. In such a complex AN, the
number and parameters of users are changing very dynamically with respect to the densely
distributed APs, thus the association node search space is changing extremely fast and can grow.
The partnership model is based on finding a communication node that has the required set of
desired resource attributes in accordance with the requests by another node for the delivery of a
service or application. The performance of the model is illustrated by a simulated algorithm.
The main advantage of using such a heuristic approach is that it allows the definition of
different performance indicators or metrics to facilitate the process of user association and
providing connectivity in a dynamic system such as CPWAS.

3. An approach is proposed for the association of one user to more than one AP or to a group of
cooperating APs that can provide optimal and effective CPWAS functionality as a user-centric
unified cell-less access network in which the density of APs is comparable to user density. The
application of such an approach will allow a user to be associated and connected to a group of
several cooperating APs to provide the requested throughput or QoS. The approach is analytical
and is based on the capabilities of implementing a cooperative strategy to provide a higher
probability of coverage of APs and the realization of optimal and ubiquitous connectivity of
users through a dynamic organization of APG. The advantage of the proposed approach is that it
uses criteria based on both the connectivity and coverage that each AP can provide and ensure,
as well as its impact on the overall spectral and energy efficiency of the system.

CHAPTER 3. Analytical Processing of Radio Frequency Data and
Contextualization of User Behavior for Intelligent Management
of the Wireless Access in CPWAS

In this chapter, approaches for collecting, processing and analyzing Radio Frequency (RF) data are
proposed. Along with techniques for modeling and predicting user behavior and implementing
appropriate algorithms based on Al, they will allow for adaptation of CPWAS to the state of the
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environment and the user characteristics for the goal of implementing the concept of ubiquitous
"hyper-connectivity".

3.1. Analytical processing of RF data

Analytical data processing or data analytics refers to retrieving information from observations,
measurements, or experiments on a phenomenon or object of interest for various purposes such as
data interpretation, decision making, diagnostics, forecasting, etc. [129].

3.1.1. Recording and storing RF data in clouds

Currently, RF data are considered in the time-domain to be In-phase and Quadrature (1Q) baseband
data or in the frequency-domain as spectrum data. Looking at RF data as "digital 1Q™ or spectrum
data may seem adequate, but since it does not include any knowledge of the RF signal, such as
location, center frequency, etc., this definition is insufficient, especially from the point of view of
their analysis. RF data should therefore be defined as IQ data in the time domain related to all
metadata (data for data), such as center frequency, bandwidth, location, etc.

3.1.2. Cloud services and RF analytics

A cloud architecture is described in [A17] that allows a number of new services to be offered. In the
developed platform as described in [A17] and shown in Figure 3.1, different RF clients with
different capabilities are used. The implementation of RF clients is based on Software Defined
Radio (SDR), which are connected via a high-speed connection to the cloud. Using open interfaces
access to different users and applications is provided.

This platform also allows for more sophisticated services and applications, such as RF analytics. RF
analytics is an analysis that aims to reveal what is in the data by retrieving knowledge from RF data
at different resolution levels.

RF Clients . .
I Air Traffic
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1Q Data / 5G Access
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Optical backbone Network
I Operators
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1Q Data / / | Radio

TS =
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Fig. 3.1 Cloud-based platform for RF data analytics [A17]

3.2. Spectrum monitoring as a service based on RF analytics

The implemented platform shown in Figure 3.1 can be used to provide descriptive, predictive and
prescriptive RF analytics.
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3.2.1. Examples of descriptive analytics

An example for a descriptive service and application of RF analytics is radio spectrum monitoring
for operational evaluation. . In this case, the purpose of the monitoring is the information about the
systems that are known to be operational to be used to assess and control the proper use of radio
spectrum.
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Fig. 3.2 RF spectrum data representing public safety P25 radio system, Fort Wayne, Indiana, USA [A17]

An example of retrieving results from radio spectrum monitoring is shown in Figure 3.2, capturing
the work of radio station P25 of the public safety at Ford Way, Indiana, USA. This RF analytic
application is based on pairing the radio frequency data with metadata provided by the RF client,
such as location, duration of the channel utilization and moment in time.

3.2.2. Examples of predictive and prescriptive analytics

An example of predicting radio frequency occupancy based on the application of ML algorithms on
RF data is presented in [A18] and [A19]. In [A18] an approach is offered for interference
recognition based on the analysis of a large amount of data derived from long-term radio spectrum
monitoring. It has been shown that by applying a suitable approach to analyzing RF data, a specific
type of interference in the evolved Node Base (eNB) channel caused by the "atmospheric ducting"
effect can be detected and identified.

Figure 3.7 and Figure 3.8 show the changes of the frequency-time variations of the received power
for the uplink channel for GSM and UMTS900 with and without interference [A17], while in Figure
3.9 and Figure 3.10, the mean, maximum and minimum measured values with and without
interference are visualized [A18]. The analysis of long-term monitoring results shows that in the
869MHz to 888MHz range, the SINR of the uplink channel is seriously degraded. It turns out that
the identified interferences caused by CDMA2000 systems have the same bandwidth of 1.25MHz
and vary over time in a similar way, depending on environmental and climate conditions. Based on
the results obtained from the statistical analysis of RF data correlated with data from the
environmental conditions analysis, it can be concluded that the reception of CDMAZ2000 radio
signals from relatively long distances is the result of the effect “atmospheric waveguide”.
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The implementation of predictive RF analyst based on linking the results of continuous spectrum
monitoring with the analysis of other environmental, structural or mobile data shows that the
occurrence of such effects can be predicted with a high probability which will be a prerequisite for
effective and reliable CPWAS performance.

3.3. Spectrum sensing

A hybrid algorithm for detecting spectral holes based on energy detection and fuzzy logic for
Cognitive Radio (CR) is proposed in [A20]. In the algorithm proposed, the Signal to Noise Ratio
(SNR) levels and the received signal power (P,) are used for inputs and are classified into three
categories: "low level™, "medium level” and "high level”. The experimental setting and details of the
practical implementation of the proposed spectrum sensing algorithm are presented in [A20]. The
experimental results show that the introduction of Fuzzy Logic (FL), which complements the
channel's decision-making process, increases the efficiency of spectrum usage.
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An optimization algorithm to improve the efficiency of existing cyclo-stationary and energy
detectors based on balancing between measurement time and detection accuracy is proposed in
[A21]. The results of the evaluation of the efficiency of the algorithm based on a cyclo-stationary
detector are presented in terms of the detection accuracy and the probability of occupancy of the
channel by the transmitter. The performance of the cyclo-stationary detector is assessed by the
probability of detection (Figure 3.18) while maintaining a constant probability of a false alarm. A
comparison of the detector efficiency is performed for two cases - Fixed and Mobility receiver, as
well as two types of signals: a) with Orthogonal Frequency Division Multiplexing (OFDM); and b)
those that are Direct Spread Spectrum Signals (DSSS).

3.4. Modeling of user behavior based on heat maps

The development of technologies for dynamically creating and maintaining models related to user
distribution and their activity can be combined with the addition of metadata to traffic patterns
generated by users. Most of the proposed solutions for predicting user behavior and traffic are of
relatively high computational complexity. For this reason, they cannot be used when the dynamics
of the changes in user behavior and variations in network traffic are high as expected to be in
CPWAS. In such cases, algorithms with low computational complexity must be applied directly to
APs, such as the algorithm proposed in [A22], using a heuristic approach for grouping users
according to their location and the applied methods of uplink power control. By observing the
distribution, mobility, activity, and services used by users the so-called “User Heat Maps” (UHMS)
can be created from which to derive knowledge and to predict future events in CPWAS.

3.4.1. Proactive control of AP based on UHM and NN

The possibility of using patterns to optimize resource allocation and efficient performance of APs
by applying appropriate predictive analytics is demonstrated in [A23]. A new approach is being
proposed to dynamically and proactively use the resources of an AP based on a Neural Network
(NN) architecture using UHM data built on user activity and mobility patterns. The main advantage
of this approach is its low computational complexity and high-speed performance, allowing its
application in a dynamic environment such as CPWAS.
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The NN architecture used to predict and optimize the electrical tilt of the antenna of the serving AP
is shown in Figure 3.22 and consists of two NNs that are trained independently from one another.
NN1 is used for predicting the next state taking as an input the gradients of the UHM elements for
the last two time slots and the values of the UHM elements for the last time slot. The output of NN1
represents the predicted values for each UHM element. The predicted values are the input for NN2,
which outputs the action values for the electrical tilt.

In Figure 3.22 Grad;"(t, t-1) is the gradient between the present time period t and the last period t—1
for UHM element i; V;"(t) is the measured value at time t for UHM element i; V is a scalar or a
column vector with Key Performance Indicators (KPIs), i.e. number of active users, total traffic,
average received power, etc.; V°(t+1) is the predicted value for time period t+1 for UHM element i.
The gradients Grad;"(t, t-1), the measured values V;"(t), Vi"(t+1) and the predicted values V;’(t+1)
are used to train NN1.

The actions Aj(t+1), Ax(t+1) and As(t+1) which represent the change of the electrical tilt of the
antenna respectively with 1, -1 or 0 degrees are the actions which can be taken after a prediction for
next time period is made. With Q-learning method from Reinforcement Learning (RL) and using
NN for policy classifier, the best action will be chosen, which will maintain the KPIs at satisfying
levels. Ag(t+1), Ax(t+1), As(t+1), Vi"(t+1) and the KPIs are used for training NN2.

3.4.2. Example of capacity optimization and experimental results

A method is proposed in [A24] to provide predictable and adaptive means of balancing between
cellular coverage and capacity of a mobile network applying a self-organizing algorithm. The latter
is based on real-time measurement data, KPIs and statistics, collected by network elements and user
devices. To solve the problem in an autonomic and predictable way, the algorithm uses Al methods
based on Machine Learning (ML), and in particular Reinforcement Learning (RL).

For modeling the radiation pattern and defining a target function for adjusting the angle of the
antenna tilt, in [A23] is used the same approach as in [A24]. To ensure that each user is given the
requested capacity, the objective function can be defined as follows:

K

z wi(Re — Ry) (3.14)

k=1

where Ry = Ry, is the data rate of user k; R, is required data rate from user k; wy is a weighting
factor depending on the priority and class of service the user requires and 0 < wy < 1. Higher values
of wy ensure higher throughput assigned to the user. When wy = 0 the user requirements are
neglected. The electrical tilt of the antenna is controlled to optimize the network performance
predictively based on solving the following optimization problem:

K

argmin Z Wy (ﬁk — Ry (@))

o & (3.15)

subject to 0, min < 0p < Op max

where ® = (61, ..., 6y, ..., Og) IS a vector containing the tilt angle of each AP in the network. It must
be noted that the optimization problem (3.15) is non-convex and therefore cannot be easily solved
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with standard optimization techniques. In [A24] the optimization problem is solved through RL
while in [A23] the model and algorithm described in the previous point is applied.
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Fig. 3.23 Changes of the UHM in three consecutive time slots [A23]

Figure 3.23 shows how UHM elements change their colors depending on the active user density and
user mobility, i.e. representing the UHM dynamics.
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In Figure 3.26 the values of the normalized overall cell throughput used as the KPI are shown in
300 consecutive time slots for two scenarios. The first scenario is with a static electrical tilt set to a
value of 15 degrees. The second scenario is with dynamic electrical tilt applying the proposed
algorithm with a trained NN.
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3.5. Conclusion

Implementing an RF analytics platform, applying adaptive spectrum sensing approaches and
predicting user behavior will allow two of the required functionalities to be implemented in the
CPWAS shown in Figure 1.6, namely: (a) sensing the environmental parameters, and in particular
intelligent sensing and analysis of the spectrum; and (b) flexible management of the performance of
the relevant APs and APGs in accordance with the actions and characteristics of the users.

3.6. Contributions to Chapter 3

1. A model has been developed and a platform for collecting "Big RF Data" has been implemented
in practice allowing for the use of different types of analytics. The concept of "RF analytics" is
introduced, reflecting the processing, analysis and extraction of knowledge from large RF data
for different purposes. Examples of descriptive, predictive, and prescriptive RF analytics are
given related to the determination of the possibilities for using different frequency bands, the
efficient use of radio frequency spectrum, the identification of specific interferences, the
prediction of the state of the RF environment and the estimation of the utilization of the radio
frequency spectrum.

2. A spectrum sensing algorithm offering an optimal compromise between speed and accuracy
based on a hybrid approach using simultaneously energy detection and fuzzy logic is proposed.
An optimization task has been formulated and solved for balancing the measurement time with
the detection accuracy, enabling the efficiency of the energy and cyclo-stationary detectors to be
improved. The algorithm has been implemented on a platform for real-time CR experiments and
the results obtained are compared with those of relevant analytical or simulation models.

3. An approach to dynamic and proactive optimization of CPWAS performance and capacity is
proposed based on the ability to predict user behavior. The approach takes into account the
distribution, mobility and activity of users and is based on building UHM at successive time
intervals for a given area and predicting the map condition in the next time interval. To avoid
storage of big data, to reduce computational complexity and provide real-time performance, the
prediction is performed by a NN using UHM data. The approach is demonstrated by a scenario
to optimize the total throughput of the cell by controlling the electrical tilt of the antenna of the
servicing AP.

CHAPTER 4. Approaches to Resource Management and Realization of 3S
Functionalities in ANOS

In this chapter resource management and 3S functionality approaches in ANOS are proposed for the
provision of ubiquitous connectivity and the required capacity in CPWAS, i.e. implementation of
the concept of hyper-connectivity. They are based on the application of innovative and intelligent
methods of resource management (bandwidth, power) and the implementation of 3S and autonomic
functionalities in ANOS of CPWAS.
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4.1. Approaches for resource management

In this section the possibilities for using some of the existing principles and methods of resource
management in HetNets are analyzed. They can be considered as a basis for the development of
optimal and adequate resource management approaches with the goal of implementing the concept
of hyper-connectivity. Considering the complexity of CPWAS and the need to apply resource
management approaches with lower computational complexity, the heuristic optimization algorithm
presented in [A27] can be considered an adequate solution. The idea is to associate UES in groups
(UEs with similar properties) to which the same resource management policy can be applied. The
proposed method is based on the application of two heuristic procedures. The first is a procedure for
classifying groups of UEs according to the SINR that would occur at the input of an AP, i.e. by
uplink transmission. The procedure is based on the heuristic association algorithm for solving the p-
median problem discussed in Chapter 2, the association being a function of the distribution,
location, and required bandwidth of UEs in the cell. In addition, a heuristic generic algorithm is
used to determine sets of UEs for which the reduction of the transmission power will result in an
increase in the overall throughput of the system without reducing the throughput of the AP. The
results of the simulation experiments show that such approaches can reduce the intercellular
interference and increase the overall CPWAS capacity without degrading the capacity of the
individual APs.

4.1.1. Approaches based on role games

In the context of CPWAS, game theory can provide a set of tools to analyze resource conflicts or,
more generally, optimization tasks with multiple conflicting objective functions. Due to the
presence of densely deployed and heterogeneous UEs and the requirement to provide ubiquitous
and seamless connectivity with limited resources (spectrum and power), the emergence of resource
conflict is highly probable. In this case, implementing game theoretic approaches in ANOS is a
solution that can provide effective resource management.

In [A28] game theoretic approaches are proposed for power control and interference coordination
based on maximizing the reward. Such approaches can be applied to achieve a "balance" between
sets of APs and users in the aspect of CPWAS. The challenge to the role-based approach is to find a
compromise between satisfying UEs needs, including required capacity and QoS, on the one hand,
and easier administration of CPWAS on the other.

A simple example showing the appropriateness of implementing a role-playing approach is set forth
in [A29] where the goal is to manage the transmission power of the APs so as to maintain the
overall SINR close to its maximum admissible value. The scenario under consideration of relatively
small cells may be conceived similar to that of CPWAS. To reduce the dependence of SINR on the
load, the proposed [A30] role-playing approach uses a neural classifier for the implementation of
dynamic distribution and the Uplink Power Control (UPC), taking into account the distribution, the
location and required bandwidth of UEs in the cell. This approach also aims to optimize the energy
consumption of the battery of the UE as well as fairness regarding the users in the network.

The proposed approach uses a self-learning neuron classifier for determination of zones and
isolines, so that each zone shows the probability distribution of UEs requiring the same service or
throughput. As a result of the simulation, the total and average throughput of the cell is obtained,
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depending on the different distribution of roles by zones. The results obtained are presented in
Figure 4.6, which shows that the average throughput varies within relatively small limits.

In practice, in the proposed role-playing game approach, Stackberg's equilibrium model is applied,
with the leader being the AP, and the followers are the zones in the cell. The distribution of roles in
zones is the strategy of the followers, while the maintenance of the average bandwidth (Figure 4.6)
as close as possible to the maximum possible in the cell, providing a level of intracellular
interference below the limit value, as well as fair QoS provision to individual users, is the profit of

the leader.
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Fig. 4.6 Maximum average cell throughput for each step of the neural classifier [A30]

4.1.2. Approach for resource management based on risk analysis

A mechanism for power and interference management based on a common risk management
procedure is proposed in [A31]. It uses a proactive uplink power control and interference algorithm,
the operation of which is illustrated by simulation in a simplified HetNet scenario. The results of the
simulation experiments show that such an approach could be effectively applied for dynamic and
efficient resource management in CPWAS. The proposed approach recognizes that in
heterogeneous scenarios and densely deployed APs a new interference environment appears, as
interference conditions worsen, especially in dense and unplanned deployments of APs [105]. In
such scenarios, there is a significant difference in SINR in the different cells, resulting in different
throughput for UEs depending on their location with respect to APs. The risk management
procedure is implemented through a proactive resource management scheme in which the APs
adjust their transmit power or mode of operation depending on the mutual interference that UEs
cause. For the power management mechanism, a modified Open Loop Power Control (OLPC)
approach based on the association of UEs in sets is used as proposed in [A4], [A22].
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Table 4.3 Results from the implementation of risk assessment algorithm [A31]

Parameter AER pAP operating mode | ANR pAP operating mode
Damage 25 100

Calculated risk value 40 _
Level of the preventive measures 40% 40%

Overall ranking of the threat 24 69

Table 4.4 Change in the throughput of the sets before and after application of the preventive measures [A31]

AThr Setl | Set2 | Set3 | Set4 | Set5 | Set6
AER operating mode of the pAP
AThr before, (%) | -125 | 4.6 | -16.0 | -443 | -15.3 | 4.9
AThr after, (%) 179 | 11 | 215 | 421 | 17.0 1.3
ANR operating mode of the pAP
AThr before, (%) -8.9 6.4 | -11.5 | -28.1 | -10.9 | -21.9
AThr after, (%) 215 | 39 | 264 | 90.1 | 21.7 | 747

The results from the simulation are given in Table 4.3 and Table 4.4. Table 4.3 gives the results
from the implementation of risk assessment algorithm in the “Active Extended Range” (AER) and
“Active Normal Range” (ANR) operating modes of the pico AP (pAP). The value of the “level of
the preventive measures” is proportional of the percentage of sets of which the compensation factor
a is increased. The parameter “overall ranking of the threat” determines the risk of the threat — low,
medium, high after the application of preventive measures. The scale for the risk value is the
following: Low risk 10 — 24 (green); Medium 25 — 99 (yellow); High 100 — 400 (red). In Table 4.4
is shown the change in the throughput of the sets before and after the application of preventive
measures.

4.2. Implementation of 3S and autonomic functionalities in CPWAS

The introduction of intelligence in ANOS can be considered as adding a new dimension to resource
management within CPWAS. An example of this are the ML approaches used for power and
interference management in HetNets [193, 194, 195]. By applying ML to data collected for traffic,
network topology, distribution, and dynamics of UEs that are becoming more heterogeneous and
dynamically changing in dense and heterogeneous scenarios as expected to be in CPWAS, the
throughput of the network can be increased and the necessary conditions for the introduction of
SON functionalities can be created.

4.2.1. Implementation of ML for the realization of 3S and autonomic functionalities

The collection and merging of sensor, monitoring and OAM data, their processing and analysis
together with algorithms for ML, Al, etc., will allow the implementation of 3S and autonomic
functionalities in ANOS and the evolution of CPWAS. In CPWAS, the logic of this autonomy will
be placed or stored in a separate plane in ANOS called the "cognitive plane” that will interact and
control the various communication technologies and devices. An exemplary approach to the
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realization of such a cognitive plane is the proposed model in [A33] for the introduction SON
characteristics to address the problem of efficient resource utilization and energy saving. The model
is developed and its implementation illustrated in [A5]. As a basis for the realization of autonomic
functionalities in CPWAS, this work proposes the introduction of a cognitive plane and an ML
scheme based on abstraction, modulation, and hierarchy, as shown in Figure 4.11 and Figure 4.12.
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Fig. 4.11 Abstracted cognitive plane [A5]

Process for specific task ~ Block for layer management

Abstracted function Coordination and coordination A High

Level 3

Level 2

Complexity of decision
making

I_
o
s

Fig. 4.12 Modular and hierarchical cognition [A5]
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Figure 4.13 illustrates the process of observation, learning and self-optimization in the cognitive
block of the proposed ML scheme. It is divided into many individual functional steps, which are
modular and abstracted from one another.
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statistical processing

Normalization and
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Fig. 4.13 Hierarchy in decision making [A5]

The cognitive steps and blocks of the proposed cognitive plane are as follows:

Initialization. This block defines the parameters, actions, constraints, and target parameters that
need to be optimized or monitored.

Observation and statistical processing. Actual learning data is gathered form the UEs
observations, the status of CPWAS and the environment. Once the necessary information is
collected, analytics are applied and useful information needed for self-learning process in
ANOS is extracted from the data.

Normalization and clustering. In order each parameter to have an equal impact to the decision
making and similar value ranges, pre-normalization is performed. The data with rather equal
values is grouped into clusters to minimize the number of the states in which the CPWAS can
be.

Learning process (mapping clusters to actions). An optimal action for each group (cluster) that
maximizes the value of target parameter or parameters without violating the constraints should
be found.

Action response. This feature is used to predict the next potential system states by monitoring
the CPWAS reaction to a given action. One such feature can be gathered by preserving input
and output data when a particular action is taken. To find the transition surface of the CPWAS
for this action the stored information is interpolated.

Dimensionality reduction. Parameters that do not contribute to the decision-making are removed
from the cognitive process.
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Rule extraction. After the learning process is completed, useful information on the boundary
between different states of action can be extracted. This information can be exchanged (shared)
to speed up the self-learning process for other agents or other autonomous functions.

Self-optimization. Based on the information obtained from the previous steps, an easy to
understand algorithm for target parameters can be developed.

Having this kind of ML scheme the following advantages are obtained:

v Decreased complexity. One complex optimization problem or task could be solved by many

small and simple ML functional steps. Sometimes it is not impossible to develop an
optimization algorithm due to the fact that complete knowledge and information about the
problem is not available, such as parameter dependencies, ranges and etc. For this reason,
assumptions are made to simplify the optimization problem. However, the end result is a
complex algorithm that is too difficult to implement, with a high level of determinism and low
scalability. By splitting the problem into smaller optimization tasks and solving each one of
them by ML algorithms, a solution that is easy to follow and to understand, a solution shaped
and adapted using the environmental data generated in the CPWAS;

Reusability. Usually certain complex problems have similarities. If these similarities are solved
with ML and are made abstract, algorithms can be reused to solve other problems and goals;

Flexibility and scalability. Cognitive algorithms must be easy to manipulate and can be used to
increase CPWAS sizes. By creating functional steps with abstract ML algorithms, it will be easy
to track the information flow and the decision making process. Also, the created cognitive flow
can be easily controlled.

4.2.2. Example of the realization of 3S functionalities

In [A5], implementation of the ML according to the proposed approach is illustrated for the
realization of 3S functionalities, in particular for self-configuration in order to ensure maximum
throughput and optimization (minimization) of the energy consumed in a HetNet scenario
consisting of densely spaced Macro APs (MAPSs), Micro APs (mAPs) and pico APs (pAPSs). In the
proposed scenario, each MAP acts as an agent and controls multiple mAPs/pAPs, the load of which
varies overnight.
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Fig. 4.19 Cell load of receiving AP1 during and after learning process [A5]
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From Figure 4.19 we can see the results of the simulation of the operation of two cells AP1 and
AP2. The AP1 load is shown during training (day 1) and after training (day 2); what will be the
actual workload of AP1 without shutting off AP2; the sum of the loads of the two APs.

Figure 4.20 shows the normalized power consumption of AP2 and the values of the dropped calls.
There is a clear distinction between the training and exploitation stages. At the training stage there
are three periods when a wrong decision was taken when AP2 was shut down and AP1 did not have
the capacity to take over the AP2 load. As a result, the number of call drops exceeds the
predetermined normalized threshold. At the stage of operation, the agent (in this case the ANOS)
has already learned that in this time periods it is best to apply the "turn on" action. After making the
right decision, the higher values of dropped calls are not observed.
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Fig. 4.20 Normalized power consumption of AP2 and call drop values [A5]

Figure 4.21 shows the results of simulating a scenario for energy saving when multiple APs work
together. In the first hour, AP1 has enough free capacity, and the algorithm built into the agent
decides to exclude an AP, thus increasing the overall AP1 load. After half an hour, another AP is
turned off. After 6 hours, as a result of the increased total traffic more APs are included, resulting in
the load of AP1 being changed having sawdust character.
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Fig. 4.21 Multi cell energy saving scenario [A5]

4.3. Self-configuration and resource distribution based on a combined approach

In [A34] an algorithm is proposed for self-configuration and self-organization of the allocation of
resources in semi-coordinated and uncoordinated HetNet scenarios, combining the knowledge of
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UEs location with Q-learning and game theory approaches to improve the dynamic distribution of
physical resources during the process of Carrier Aggregation (CA). The approach is based on
Markov Decision Processes (MDP), which is used to evaluate the value of the functions V*(s) and
Q"(s, a). The value of state s, while performing the policy z, denoted by V*(s), is the expected return
on start in s and following . For MDPs, V*(s) can be formally described as:

V™(s) = Ex{R¢ls; = s} = E {z )’k Tesk+1|St = 5} (4.13)

k=0

where E.{} is the expected value in case, that the agent follows the policy =, t is the time step, v is
the discount rate.

Similarly, the value Q"(s, a) of the action a in the state s when applying the policy = is defined as
the expected return, which is obtained on start s, taking action a and following policy = e.g.

Q"(s,a) = Ex{Rils; =s,a, = a} = Eq {z Y Tesrsalse = s,a¢ = a} (4.14)
k=0

By using the probabilities of any possible next state s' (P"ss) and the expected value for the next

reward R"s, the relationship between the value of a given state and the values of the subsequent

states can be expressed as shown in equations (4.15) and (4.16):

V() = Bl + YVH (e = 5} = ) m(5,0) ) Pet [Rlyy + ¥V (5] (4.15)
Q™(s) = Ex{res1 +yV™(s)Is; = s,a, = a} (4.16)

For a method such as Q-learning, the best policy or optimal policy that will give the maximum
reward or the best value for Q"(s) has to be found. This can be expressed as:

Q*(s) = maxQ"(s) = Z P [R;'S/ + ymaxQ"(s’, a’)] (4.17)
S/
The update of the function determining the value of the action is:

Q(sp,ar) « Q(sp,a.) +6 [Tt+1 +y m;lx Q(S¢+1,a) — Q(sy, at)] (4.18)

where Q(S, &) is the last updated function of the action; r; is the reward for taking action a; in
state sw+1; maxaQ(sw1, @) is the maximum action value that can be obtained in state Si.1; 0 is the rate
of renewal; y is the discount rate. In this case, the learned or updated function Q(s;, a;) directly
approaches the optimal action-value function Q'(s), regardless of the policy that follows. This
greatly simplifies the analysis of the algorithm and allows proving its early convergence.

The proposed algorithm is based on Q-learning reinforced by a gaming approach to ensure fairness
and cooperation between APs. The algorithm uses the approximate location of UEs to differentiate
their actions by areas. The initial results for the efficiency of this algorithm, in terms of the
throughput of UEs and APs, are presented in [A35].
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It can be seen from Figure 4.24 that the application of such a combined RL algorithm with role
games has a significant effect on the average bandwidth of MAPs. Figure 4.25 shows that the
average throughput of pAP using the RL algorithm is greater than the rest but also slows down as
when applying a coordinated approach.

4.4. Conclusion

This chapter proposes approaches for efficient resource management and the realization of 3S
functionalities in ANOS with low computational complexity with the goal to provide ubiquitous
connectivity and the required capacity in CPWAS, i.e. approaches that can contribute to the
realization of the concept of hyper-connectivity. The proposed resource management approaches
are in the context of the general concept of functioning of AN in SC and its modeling as CPWAS
presented in Chapter 1 as well as the schemes described in Chapter 2 and Chapter 3, for grouping of
APs, UEs association , data analysis and contextualization of user behavior.
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4.5. Contributions to Chapter 4

1. An approach to dynamic resource management in CPWAS is proposed, based on a role-game
approach with maximizing the reward. In CPWAS scenarios, the reward is the total capacity of
APs that can be increased by achieving a "balance™ between the SINRs that APs can provide to
UEs on the one hand, and on the other, providing the required throughput and ubiquitous
connectivity. To implement effective power management and reduce the dependence of the
SINR on the APs load and easier CPWAS administration, it is suggested the roles in the game
approach to be defined using a neuron classifier, taking into account the distribution, location
and required throughput of UEs in the APs coverage area.

2. In CPWAS, the nature of the interference environment is constantly changing, depending on the
distribution, location and dynamics of UEs, with respect to the set of heterogeneous and densely
spaced APs. Based on the fact that under such a scenario there are conditions under which SINR
may deteriorate unacceptably, an approach to dynamic and effective resource management
based on risk analysis and risk modeling is proposed. In its core is the implementation of a
proactive interference management mechanism based on a general procedure for adjusting the
transmit power and/or operating mode of the APs, depending on the mutual interferences that
UEs can cause each other.

3. A method of the realization of 3S and autonomic functionalities in CPWAS is proposed in
which the autonomy logic is placed in a single cognitive plane in ANOS, which has to interact
with and control the various communication technologies and devices. The basis of the
proposed method is the application of a ML scheme based on abstraction, modularity and
hierarchy, as well as adaptation by training from pre-processed data generated by the network.

4. A method for self-configuration and self-organization of the resource allocation in CPWAS
based on a combined algorithm including Q-learning enhanced by a role-playing approach is
proposed. The work of the algorithm uses a semi-coordinated principle to ensure fairness and
cooperation between APs in order to free resources and increase average throughput. The
knowledge of the distributions and dynamics of UEs is used to predict their location and to
divide the APs service area into sectors while taking into consideration what resources each AP
uses and the interferences it receives. Different roles are assigned to the sectors to achieve the
optimal level of satisfaction (or predefined QoS) of the UEs in each sector. Each role is a
function of the used resources, the possibility of releasing resources for use by other APs, and
the interferences that each of the sectors generate.

111. CONCLUSION AND MAJOR CONTRIBUTIONS

The topic of this dissertation is related to proposing approaches for provision of ubiquitous
connectivity and efficient resource management in user-centric, ultra-dense unified wireless ANs.
Such ANs scenarios are expected to arise in future SCs for which the main characteristics will be
the heterogeneity of UEs and APs, their dense location and high dynamics. The dissertation
proposes new approaches, the implementation of which will provide ubiquitous access and
connectivity to UEs as well as the utilization and management of the limited communication
resources in the wireless access through which the sense of an "endless capacity™ will be provided
to the users irrespective of their type, number of unit area and their movement.
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Summing up the findings of the dissertation, it can be assumed that the stated goal is realized
through the fulfillment of the assigned tasks, as a result of which the following significant scientific
and applied results have been achieved:

1.

An analysis of the development of the ANs has been made based on which reasoned
conclusions are drawn about the impossibility of the NGA based on HetNets and 5G wireless
networks to meet the requirements imposed by a hyperlinked, diverse, and dynamic access
scenario such as is the one in a SC of the future.

The major characteristics of the AN in future SCs are defined, based on which the concept of
the structure and functionality of the AN and its evolution towards the so-called cell-less
Unified Wireless Access (UWA) is introduced.

Based on a comparative assessment of the characteristics and functionality of the UWA with
those of a large scale CPS, a new approach to modeling and analyzing the performance of such
access architecture, called CPWAS, is proposed. The approach follows the concepts of building
and operation of large scale CPS.

A model for proactive dynamic association of users and grouping of APs with low
computational complexity based on the theory of graphs was developed by defining two basic
properties of APs: Attraction rate and Saturation rate. An objective function for dynamic
association and grouping is defined, based on static and dynamic components, and an
optimization task for dynamic user association and AP grouping is formulated. To solve the
optimization task, a heuristic algorithm for association and grouping has been proposed and
developed, combining the advantages of Heuristic Concentration, Linear Programming and
Graph Theory. The performance of the developed algorithm is illustrated by a simulation
experiment for dynamically associating users for service to certain APs and/or APGs.

A method using a heuristic approach based on a partnership model, that can be applied to detect
and connect communication nodes in large-scale, unstructured and resource-constrained
environments with a view to collectively utilize the available resources is proposed. The
method is used in connection with the need to solve a complex optimization task in an
exponentially growing search space, such as the space of CPWAS. In such a complex AN, the
number and parameters of users are changing very dynamically with respect to the densely
distributed APs, thus the association node search space is changing extremely fast and can grow.
The partnership model is based on finding a communication node that has the required set of
desired resource attributes in accordance with the requests by another node for the delivery of a
service or application. The performance of the model is illustrated by a simulated algorithm.
The main advantage of using such a heuristic approach is that it allows the definition of
different performance indicators or metrics to facilitate the process of user association and
providing connectivity in a dynamic system such as CPWAS.

An approach is proposed for the association of one user to more than one AP or to a group of
cooperating APs that can provide optimal and effective CPWAS functionality as a user-centric
unified cell-less access network in which the density of APs is comparable to user density. The
application of such an approach will allow a user to be associated and connected to a group of
several cooperating APs to provide the requested throughput or QoS. The approach is analytical
and is based on the capabilities of implementing a cooperative strategy to provide a higher
probability of coverage of APs and the realization of optimal and ubiquitous connectivity of
users through a dynamic organization of APG. The advantage of the proposed approach is that it
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10.

11.

12.

uses criteria based on both the connectivity and coverage that each AP can provide and ensure,
as well as its impact on the overall spectral and energy efficiency of the system.

A model has been developed and a platform for collecting "Big RF Data" has been implemented
in practice allowing for the use of different types of analytics. The concept of "RF analytics" is
introduced, reflecting the processing, analysis and extraction of knowledge from large RF data
for different purposes. Examples of descriptive, predictive, and prescriptive RF analytics are
given related to the determination of the possibilities for using different frequency bands, the
efficient use of radio frequency spectrum, the identification of specific interferences, the
prediction of the state of the RF environment and the estimation of the utilization of the radio
frequency spectrum.

A spectrum sensing algorithm offering an optimal compromise between speed and accuracy
based on a hybrid approach using simultaneously energy detection and fuzzy logic is proposed.
An optimization task has been formulated and solved for balancing the measurement time with
the detection accuracy, enabling the efficiency of the energy and cyclo-stationary detectors to be
improved. The algorithm has been implemented on a platform for real-time CR experiments and
the results obtained are compared with those of relevant analytical or simulation models.

An approach to dynamic and proactive optimization of CPWAS performance and capacity is
proposed based on the ability to predict user behavior. The approach takes into account the
distribution, mobility and activity of users and is based on building UHM at successive time
intervals for a given area and predicting the map condition in the next time interval. To avoid
storage of big data, to reduce computational complexity and provide real-time performance, the
prediction is performed by a NN using UHM data. The approach is demonstrated by a scenario
to optimize the total throughput of the cell by controlling the electrical tilt of the antenna of the
servicing AP.

An approach to dynamic resource management in CPWAS is proposed, based on a role-game
approach with maximizing the reward. In CPWAS scenarios, the reward is the total capacity of
APs that can be increased by achieving a "balance™ between the SINRs that APs can provide to
UEs on the one hand, and on the other, providing the required throughput and ubiquitous
connectivity. To implement effective power management and reduce the dependence of the
SINR on the APs load and easier CPWAS administration, it is suggested the roles in the game
approach to be defined using a neuron classifier, taking into account the distribution, location
and required throughput of UEs in the APs coverage area.

In CPWAS, the nature of the interference environment is constantly changing, depending on the
distribution, location and dynamics of UESs, with respect to the set of heterogeneous and densely
spaced APs. Based on the fact that under such a scenario there are conditions under which SINR
may deteriorate unacceptably, an approach to dynamic and effective resource management
based on risk analysis and risk modeling is proposed. In its core is the implementation of a
proactive interference management mechanism based on a general procedure for adjusting the
transmit power and/or operating mode of the APs, depending on the mutual interferences that
UEs can cause each other.

A method of the realization of 3S and autonomic functionalities in CPWAS is proposed in
which the autonomy logic is placed in a single cognitive plane in ANOS, which has to interact
with and control the various communication technologies and devices. The basis of the
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13.

proposed method is the application of a ML scheme based on abstraction, modularity and
hierarchy, as well as adaptation by training from pre-processed data generated by the network.

A method for self-configuration and self-organization of the resource allocation in CPWAS
based on a combined algorithm including Q-learning enhanced by a role-playing approach is
proposed. The work of the algorithm uses a semi-coordinated principle to ensure fairness and
cooperation between APs in order to free resources and increase average throughput. The
knowledge of the distributions and dynamics of UEs is used to predict their location and to
divide the APs service area into sectors while taking into consideration what resources each AP
uses and the interferences it receives. Different roles are assigned to the sectors to achieve the
optimal level of satisfaction (or predefined QoS) of the UEs in each sector. Each role is a
function of the used resources, the possibility of releasing resources for use by other APs, and
the interferences that each of the sectors generate.
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