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Huctumiina  «MopnentoBanHs cuctem» Qopmye y 3100yBaviB  HEOOXimHUN  0OCsT
TEOPETHUYHHX 1 MPAaKTUYHHUX 3HAHb IPO CHCTEMHE MOJICIIOBAHHS Ta Taly3b HOrO 3aCTOCYBaHHS B
CHCTEMHOMY IH)KMHIPUHTY, METOJAM KOHIENTYalbHOTO MPOEKTYBAaHHS Ta (DYHKLIOHAIBHUHA aHAJI3
TEXHIYHOI ccTeMH, POpMYE 3HAHHS 3 aPXITEKTYPHOTO MOJICIIOBAaHHS CUCTEMH Ta il CHHTE3Y.

Ha kypci po3risigaroTbess METOIM CHUCTEMHOTO MOJICNIOBaHHS Ta iX 3aCTOCYBaHHA B
CHCTEMHOMY 1HXKHHIPUHTY; METOIM KOHIIETITyaJbHOTO NPOCKTYBAaHHS, (YHKIIOHAJHHHUNA aHai3
TEXHIYHOI CHCTEMHM; apXiTeKTYpHE MOJEIIOBAHHS TEXHIYHOI CUCTEMH; CHHTE3 TEXHIYHOI CHCTEMHU.
JIns BUKOHAaHHS 3aBJaHb Kypcy 3100yBadi MalOTh 3MOTy BHUKOPHCTOBYBATH Cy4YacHE BiIKpHTE

nporpamue 3ade3neuenns GNU Octave Ta Scilab.
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Tema 1. Hayka Moae/1r0BaHHA

1.1. llpeamet, 3MicT i 3aga4i AUCHUNTIHA

JucuumuiiHa «MoOZAEIIOBaHHS CUCTEM» JIONIOMara€ 3po3yMiTH, SIK 3a JOINOMOTIOKO
MaTeMaTUKU Ta KOMII'IOTepa ONKMCYBaTH, BUBYATH W IOKpAIlyBaTh poOOTY CKIAAHMX TEXHIYHMX
00’€KTiB — BiJl OKPEMHX MPUCTPOIB 10 BEIUKHUX TEICKOMYHIKAIHHUX MEPEK.

[Tpeamer AMCUUIUTIHU — 11€ MaTeMaTHYHI MOJIEJTi CUCTEM 1 IPOIIECiB, CIIOCOOH iX CTBOPEHHH,
MEepPEBIPKM ¥ BUKOPUCTAHHS B peajbHIA mpodeciiiHiii podoTi. OcoOJMBO BaXKIWBI MOJET IS
€JIEKTPOHHMX KOMYHIKAIlii Ta PaJiOTeXHIKH: MOJEJi Iepeaadi CUTHajiB, poOOTH MeEpex, udepr
MOBIIOMJICHb, HABAaHTA)XCHHS KaHAJIB, 3aTPUMOK, MPOMYCKHOI 3JaTHOCTI Tomo. Mu Bummocs
MIEPETBOPIOBATH peayibHi MpoOieMu (HapUKIIaI, <K 3MEHIINTH 3aTPUMKY B MEPEXi MpH 3aJaHii
KUJIBKOCTI KOPUCTYBauiB») y MaTeMaTH4H1 3a/1a4i, K1 MOXHa PO3B’s3aTH Ha KOMIT FOTEePi.

3MiCT Kypcy NOOYAOBaHO Tak, LI00 IOCTYNOBO MEPEHTH BiJA OCHOB JI0 MPAKTUYHOIO
3aCTOCYBaHHS CaM€ B TEJIIEKOMYHIKaIlisiX.

CriouaTKy BM O3HAaHOMHTECS 3 THUM, IO TaKe MOJETIOBAHHS B3araii, siki OyBalOTh HOTO
BU[IYU, SIK CTABUTH 337jauy MAaT€MaTUYHOIO MporpaMyBaHHs (JiHiliHE, HENiHilHE), SIK MpaloBaTH 3
MaTpUISIMH, BEKTOPAMHU, CUCTEMaMU pPiBHSHb, MOXITHUMM Ta IpaHULISAMU — Le (GyHIaMeHT, 0e3
SIKOTO HEMOJKITUBO PyXaTHUCS JIaJIi.

[TotiM mepexoauTe 0 KOMIT FOTEPHOTO MOJICIIOBAHHS: BUHMTECs mporpamyBatd B GNU
Octave abo Scilab (e 6e3komrtoBHi anamorn MATLAB), nucatu (yHKI1, BUKOPHCTOBYBAaTH
LIUKIM H YMOBH, Te€HepyBaTH BUIAJAKOBI uucna, OynyBatu rpadiku (2D 1 3D), umcenbHO
IHTerpyBaT (YHKIIII, po3B’sI3yBaTl AU(epeHIianbHl PIBHAHHSA CHUMBOJIBHO W uncenbHo. Came i
IHCTpYMEHTH BU Oy/ieTe BUKOPHCTOBYBATH MPOTSATOM YChOTO KYpCY.

Jani iime HaWBaXKIuBiIIa IJIS Ballol CIEMIalbHOCTI YaCTHHA — MOJICIIOBAHHS CHUCTEM 1
Mepex. Bu HaBumTecs OyayBaTM MOJAENl 3a UYITKOI TEXHOJIOTIEI0, CTBOPIOBATH JIOTIKO-
apudmeTnyHl MOJeli, ONUCYBaTH JWHAMIYHI MPOLECH, MOJEIIOBATH MPUKIAJAHI CUCTEMH, a
rOJIOBHE — TEJIEKOMYHIKAllliHI CHUCTEMHM Ta MEpeXi: KaHaIM 3B’SI3Ky, YEpru IMaKeTiB,
MapuIpyTH3allito, HABAaHTA)KECHHSI, BUITAJIKOBI MPOIIECH B MEPEXKaX.

OcranHiit 610k — onrtumizamis. TyT po3rIAgarOTbCS METOAM 3HAXOJUKEHHS HaMKparmx
pillleHb: SIK MOCTAaBUTH 3ajjayy OMNTHUMI3allil, SK 3amHCcaTH LiIIbOBY (YHKIIO W OOMEXEHHs, 5K
PO3B’s13yBaTH 3ajlayi JIHIHHOr0, HEMIHIHHOTO, IIIOYHUCETHHOIO Ta CTOXaCTUYHOTO POrpaMyBaHHs.
VYce 1ie Bigpa3y 3aCTOCOBYETHCS 10 PEAIbHUX 3a/1ad TEICKOMYHIKAIi: MaKCHMI3aIlisl MPOITYCKHO1
3JTaTHOCTI, MiHIMIi3allisl 3aTPUMKH, ONTUMAJIbHE PO3MIiIlIeHHsI 0a30BUX CTaHILIN, pO3MOALI pecypciB

TOWIO.



Merta TUCIUTUTIHY — AaTH BaM YMIiHHS CaMOCTIHHO MOJIENTIOBATH 00’ €KTH BaIoi MaiOyTHHOT
npodeciitHoi aisipbHOCTI. ITicns Kypcy Bu 3MOXkKeTe:

- CTBOPIOBAaTH MaTeMaTHU4HI Ta IMPOrpamMHi MOZE MHpOIeciB, sKi BiAOyBalOThCS B
Mepekax i cucreMax 3B’ SI3KY;

- oOMpaTy BiAMOBIIHUM THIT MOJIEITI 3aJIEKHO BiJl 3a/1a4i;

- peaiizoByBatu Mojienb y Octave/Scilab;

- aHaJIi3yBaTH Pe3yIbTaTH, OI[IHIOBATH IXHIO TOYHICTh;

3aCTOCOBYBATH MOJIENI JUIsI IPOCKTYBAHHS Ta BJIOCKOHAJIECHHS TEJIEKOMYHIKAI[IHHUX
CHCTEM.

[li 3HanHs Oe3mocepenHbo MOTPiOHI i gucoumuiiH - «KoMITIOTepHI  MEpexi»,
«TenexoMyHIKaIiifHI CUCTEMH Ta MEpPEeXi», a TaKoX s JurioMHoi pobotu. Kypc moOymoBaHo
Tak, o0 BH HE MPOCTO 3amam’ ATOBYBald (pOpMyiH, a BMUIM Ha MPAKTHIl PO3B’sA3yBaTH pealibHi
3a/1a4i BaIloi CIeNiaJbHOCTI 32 JOTIOMOT 00 Cy4acHUX O€3KOIITOBHUX 1HCTPYMEHTIB.

ToMy OCHOBHE, II0O BH OTPUMAETE: PO3YMIHHS, SIK «IIEPEKIAaNaTH» peanbHy MNpoOiIemMy
3B’S13Ky HA MOBY MaT€MaTHKH W KOMIT IOTepa, a MOTIM 3HaXOAUTH ONTHMajbHe pimeHHs. Came e

3apa3s ayxe minyeThes B [T Ta TeneKoMyHIKaiiHIN ramysi.

1.2. Knacudikauisa BUIiB MOJeJTIOBAHHS

MoentoBaHHsl — 1€ CTBOPEHHSI CIIPOIICHOTO, aj€ OCTaTHHO TOYHOTO OIUCY PEaIbHOTo
o0’eKkTa, Tpolecy YW SBUIIA 3 METOK WOTO BHBYEHHS, aHamily, NpPOTHO3yBaHHSI abo
BIockoHaneHHs. 11[o6 cuctemarusyBaTu miAXoqu, MoJesi KIacu(pikyroTh 32 KiIbKOMa OCHOBHUMH
o3HakamMu. PosyminHa 1€l kiacudikamii gonmomarae MpaBUIBLHO OOpaTH TUN MOJENI s
KOHKPETHOI 3a/1a4l B TEJIEKOMYHIKAIisIX Y1 KOMIT I0TEPHUX CUCTEMaXx.

3a crmocoOoM TMpeaCcCTaBIEHHS PEeaTbHOCTI MOJIENI MOAUISIIOTECA Ha (Pi3WYHI, aHAJOTIUHI Ta
MaTeMaTHYHI.

@i3uyHi MoJIeN — 1€ MaTepianbHi Komii 00’ €KTa, SKi BIATBOPIOIOTH HOTO B 3MEHIIIEHOMY a00
301IbpIIeHOMY MacmTall, 3 TUMU caMuMU (13MYHUMHU Tpouecamu. Hampukiaa, MakeT aHTEHU B
0e3exoBili KaMepl Juisi BUMIPIOBAHHA JAilarpamMH CHpPSIMOBAHOCTI a00 3MEHIIeHMH MakeT 0a30Boi
CTaHLIi JUIg TeCTyBaHHS MOKPUTTS. Taki Mojeni Jopori, TPyJOMICTKI W piAKO 3aCTOCOBYIOTHCS B
cydacHux IT-3amauax, ane iHOZ1I He3aMiHHI Ha eTarli eKCIePUMEHTAIbHOT IEPEBIPKH.

Amnanoriui ((pizuyHo moniOHi) Mojeni 0a3yloTbcs Ha aHaJorii MIDK SBHUIIAMH Pi3HOI
npupoau. Hanpukiaz, rigpaBiaiuHa Mojenb AJs ONMUCY MOTOKIB JAaHUX Y Mepexi (e Boxa — Iie
MakeTH, TpyOM — KaHaJM, Hacocu — JpKepena Tpadiky). Y TeleKOMyHIKalifgx Led Miaxizn

BUKOPHUCTOBYETHCS PiJIlie, aje 1HO/I JONOMArae iHTYITUBHO 3pO3yMITH CKJIaJHI IPOLIECH.



MarteMaTuyH1 MO/IeII — HAUTIOMIMPEHIMNN 1 HAWBKIUBIIINN JTsl BAIIOl CIICIIAIbHOCTI THII.
Bonu onucyioTe 00’€KT 3a 10MOMOr0I0 MaTeMaTUYHHUX PiBHSAHb, HEPIBHOCTEH, rpadiB, anropuTMmin
YM CTaTUCTHUYHUX 3aKkoHiB. Came 3 HUMH BHM NpAaLIOBaTUMETE NPOTATOM YChOTO Kypcy B
Octave/Scilab. MaTtemaTruni Mo1e/l DOIUIAIOTHCS HA aHAJIITAYHI Ta IMITAIiHI.

AHaIIITUYHI MOJEI JT03BOJISIIOTh OTPUMATH TOYHHKM a00 HAOIM)KEHUH PO3B’S30K y BUTJIISII
¢dbopmynu yu uncnoBoro 3HayeHHA. Hanpuknan, ¢popmyna Epnanra ans po3paxyHKy HMOBIpHOCTI
OJIOKYBaHHS BHKJIMKY B CUCTEMI 3 BTpaTamu abo GpopmyIa it cepeHbo1 3aTpUMKH B uep3i M/M/1.
IlepeBara — mBUAKICT OOYMCICHH 1 MOMUIMBICTH aHaNi3y 4YyTauBOCTI. Hemomik — yacro
NOTpeOyIOTh CYTTEBUX CIPOLIEHb (HAMpPHKIAJA, MPUIYIIEHHS TMpPO IyacCOHIBCHKUHM TMOTIK,
eKCTIIOHEHITIaIbHUI Yac 00CIIyrOBYBaHHS).

ImiTamiitai MoIeNl BiITBOPIOIOTH MOBEAIHKY CUCTEMH KPOK 32 KPOKOM Y 4aci, IMITYIO4YH BCi
nonii. Boun He Aar0Th roToBOi (hopMynu, aje A03BOJSIOTH BpaxyBaTH AYXKe CKIaTHI YMOBH,
HEJIHIHHOCTI, peajbHl PO3MOILIN, aTanTUBHI anroputmu. Hampuknan, imitamis po6oru LTE-
Mepeki 3 pealbHUMHU TPAEKTOPIIMU KOPUCTYBAUiB, MEPEMHUKAHHSIMU MK Oa30BUMHU CTaHIISIMU,
3aBaJIOI0 B CYCITHIX OCepenKiB. Y Cy4acHHUX TEJICKOMYHIKaIligX OUIBINICTh CKJIATHUX 3a7ad
(ocobmmBo ontumizanis SG/6G, loT-mepex, SDN) po3B’s3yeThcs caMe iMiTaliiHUMH MOJICIISIMH.

3a xapakTepoM Bi1oOpakeHHs yacy Mojieii OyBalOTh CTATHUHI Ta TUHAMIYHI.

CraTuuHi MOZIEJl ONUCYIOTh CUCTEMY B IEBHUN MOMEHT 4acy a00 B CTallIOHAPHOMY PEKUMI,
0e3 ypaxyBaHHS 3MiH Yy 4daci. Hanpuximan, 3amgada po3MilmieHHsS O0a30BHX CTaHIN s
MaKCUMaJIbHOTO TOKPUTTS 200 ONMTHMI3allisi MapuIpyTHu3allii B Mepexi sik rpadoBa 3aiayva.

JluHaMi4Hi MoJeNi BpPaxOBYIOTh 3MIHY CTaHy CHCTeMH B 4Yaci. BOHM ONUCYIOThCS
nudepeHiaTbHUMU PIBHIHHAMU (HETIepepBHUM yac), pi3sHULEBUMHU PIBHAHHAMHU a00 JUCKPETHUMU
noAisiMu. Y TENEKOMYHIKaIlisIX 1€ MOJENI Mepeaadl MakeTiB, 3MIHU HaBaHTAXXEHHS, aJlallTUBHOTO
KoayBaHH4, handover To1o.

3a cTyneHeM jeranmizamii BHMIUIAIOTH KOHLENTYalbHI, (YHKLIOHAJbHI, CTPYKTYpHI Ta
JeTai30BaHi MOJIETI.

KonuenryanbHa MOziellb — HAalBUIIMI piBEHb a0CTpaKilii: BU3HAYAE, 10 CaMe MOJIETIOEThCS,
SIKI OCHOBHI €JIEMEHTHM Ta 3B’SI3KM MDK HuMH. Hampukman, O10K-cxeMa TeleKOMYHIKaIiiHoT
CHCTEMH «IXKEpPeso — KaHall — MpUiMay — 3aBajiay.

OyHKIIOHATbHA MOJIEIIb OIUCYE, L0 caMe PoOUTH cucTeMa (BXia — QyHKIIA — BUXin), 6e3
JeTaneu peanizaiii.

CTpyKTypHa MOJElbh TIOKa3ye, 3 SKAX KOMIIOHEHTIB CKJIAJa€ThCsl CHUCTEMA 1 SK BOHU
3’¢IHaHI.

JleramizoBaHa Mojeib BKIIOYAa€ TIOBHUM ONUC alrOpUTMIB, MapamerpiB, (I3UYHHUX

XapaKTEPUCTHK.



3a xapaktepoMm iHhopMaIlii Moeli MOAUISIIOTECS Ha IETEPMIHOBAHI Ta CTOXAaCTUYHI.

JlerepMiHOBaHI MOJETl HE BpPaXOBYIOTh BHIIAQJKOBICTH: MPHU OJHAKOBUX BXITHHUX JaHUX
3aBXKIU OJHAKOBUH pe3ynpTaT. Hampukman, neTepMiHOBaHA MOJENb TOMIUPEHHS CHUTHATY B
171eaTbHOMY KaHaJll 0€3 mIyMmy.

CroxacTu4Hi MoJieIi 000B’SI3KOBO BKJIIOUYAIOTh BHUIIAKOBI MPOIIECH: ITyaCCOHIBChKI MTOTOKHU
BUKJIMKIB, €KCIIOHCHLIATbHUH Yac OOCIyroByBaHHS, 3aBaJd 3 TayCCIBCBKUM PO3MOJILIOM,
BUIIA/IKOBI pyXy aOOHEHTIB. BIbLIICTh pealbHUX TEIEKOMYHIKALIHHUX MOJIENIEH — CTOXaCTUYHI.

Y Bamomy Kypci OCHOBHHMH aKIIGHT CaMe€ Ha MaTeMaTHYHUX MOJECISX, IEePEBaKHO
CTOXAaCTHYHMUX 1 AWHAMIYHHX, 3 BEJIIMKOIO YAaCTKOKO IMITAIIMHUX MiAXOAIB. AHANITHYHI MOJIENI
BUBYAIOTHCA JUIS pO3yMiHHS (DyHIAMEHTAIBHUX 3aKOHOMIPHOCTEH, a iMiTaliiHi — JUIs po3B’I3aHHA
MPAKTUYHUX, CKIQJHUX 33]1a4 IPOEKTYBAaHHSI MEPEXK, /e aHATITHIHUN PO3B’ 30K HEMOXIIUBHI a00
HAATO TPyOuil.

3HanHHs miel kaacudikallii 103BOJISE BXKE HA e€Tarl MOCTAaHOBKH 3a]a4i BUPIIIUTH: Y4 MOYKHA
CKOPUCTATUCS MPOCTOI0 (OpMYIIOI0 (aHATMITUYHA MOJIENb), YU MOTPiOHA MOBHOLIIHHA IMiTallis B
Octave/Scilab (imiTamiliHa cTroxacTW4YHa IWHAMivyHa Mojens). lle oauH 3 KIIOYOBHX HABHYOK

CHCTEMHOTO 1H)K€HEepa B Tairy3i eeKTPOHHUX KOMYHIKAIIii.

1.3. ETanu MaTeMaTH4YHOI0 MOJACJTIOBAHHSA

MaremMaTuuyHe MOJECIIOBAHHS — L€ CUCTEMaTUYHUN IIPOLEC, SKUM IEPETBOPIOE PEANbHY
npo0JjieMy Ha MaTeMaTHYHY 3aja4y, pO3B’sA3Ye€ 1l Ta MOBEpTA€ Pe3ybTaT Ha3aJ] y PeaIbHUM CBIT. Y
Ballliif crieniaNbHOCTI (€JIEKTPOHHI KOMYHIKaIlil Ta paJioTeXHiKa) Led Mpolec 3aCTOCOBYETHCS 10
3aJad  aHalli3y MepeX, OLIHKM SIKOCTI 3B’S13Ky, ONTHMi3alii pecypciB, MPOrHO3yBAaHHS
HABaHTAXXCHHS TOILIO. YCi €TalmM BHKOHYIOTHCS TOCHTIIOBHO, ajieé 4acTO 3 MOBEPHEHHSMH Hasal,
SIKIIIO IOCH HE BJIAIITOBYE.

[Tepmmii eTan — mocTaHOBKa 3aJaui Ta AKICHUN aHaji3 00’ €KTa.

Bu ugitko Qopmymnroete, 1o came NoTpiOHO 3pOOMUTH: HANPUKIAJ, «BU3HAYUTU CEPEIHIO
3aTPUMKY MAKETIB Y MEPEKI IIPH 3alaHOMy TpadiKy», «3HAUTH ONTUMAJIbHE PO3MILICHHS 5 6a30BUX
CTaHILIM Ui NOKPUTTS palioHy 3 MIHIMAJbHUMHU BHUTpaTamu» ad0 «OLIHUTH HMOBIPHICTH BTpaTU
nakeTa B KaHajli 3 mepeuikogamu». Ha npomy eTari BU BUBYa€Te peaibHUM 00’ €KT: 30upaeTe AaHi
PO MOTO CTPYKTYPY, apaMeTpH, YMOBU POOOTH, OOME)EHHS, MeTy. BaxkmuBo 3po3yMitu Qi3udnHy
CYTHICTh TIpOIIECY, OCHOBHI (h)aKTOpHU BIUIMBY Ta III0 MOXXHAa CHPOCTHTH O€3 BEJIUKOI BTpPaTH
TOYHOCTI. Pe3ynpTaT — 4iTKa CJIOBECHa IMOCTAHOBKA 3a/ladyl 3 BKa31BKOI METH, BXIJHHX JIaHUX,
BUXIIHUAX MTOKA3HUKIB 1 0OMEXKEHB.

Jpyruii eran — nodyaoBa KOHLIENTYaJIbHOT MOJIEII.



Bu cTBOpro€eTe cripoIieHuii onuc CUCTEeMH Ha piBHI OJIOKIB 1 3B’s13KiB, 03 hopmyi. Lle moxke
Oytu ONOK-cXema, Jliarpama IMOTOKIB JaHUX, rpad Mepexi, cxema depr tomo. Hanpuknan, s
MOJIeITi TEJICKOMYHIKAIIHOT Mepexki BU BH3HAYaeTe JpKepena Tpadiky, By3JM KOMyTalii, KaHaIN
nepenavi, 4yeprud, MeXaHi3MHU YIpaBiiHHS AocTynoMm. KoHuenrtyanbHa MoOjenb MOKa3ye, fKi
€JIeMEHTH CYTTEBI, a sfKi MOXKHa irHopyBaTH. Ha mpomy erami yacto BUKOpPUCTOBYIOTH TOGAF,
UML a6o npocri 6J0K-aiarpamu.

Tpertiit eran — Gpopmasizaiiis, TOOTO mepexij 10 MaTeMaTUYHOT MOJIEII.

Tyt BUW 3amucyeTe BCl 3B’SI3KM y BWIJISAII PIBHAHb, HEPIBHOCTEH, rpadiB, IMOBIpHICHHUX
3aKoHIB. BubOupaere Tm mojeni: AeTepMiHOBaHA YW CTOXACTHYHA, aHAMITHYHA YW IMITalliifHa,
CTaTM4HA 4K JUHaMiyHa. Hampukinan, ans yepru B 06a30Bil CTaHLIi BU MOXKETE 3alMCaTH MOJETb
M/M/1 (myaccoHIBChKHIA BXiJ], €KCIIOHEHIIAIbHUN Yac 00CIyroBYBaHHs, OJIMH cepBep) ado OLIbII
CKJIaJIHy MOJENb 3 oOMexeHo OydepHO mam’saTTio. Bu3HauaeTe 3MiHHI, mapamMeTpu, IiIbOBY
GyHKIIIO (SKIIO OonTuUMi3alis), oOMexeHHs. Pe3ynapTaT — mMareMaTH4Ha MOCTaHOBKA 3aadyl, SIKY
MO>KHa IIPOrpaMyBaTH.

YerBepTuii eram — BUOip METOY PO3B’3aHHS Ta peajtizallisi MOJeIi.

Bu obupaerte, sk came po3B’s3yBaTH 3ajady: aHamiTHuHUA Meton (dopmyna Epnanra,
dbopmynu Kennamna), uncenbHuil MeTo] (1HTerpyBaHHs Tu(epeHIiaTbHUX PIBHAHD), IMITAIlIHHUI
ekcriepuMeHT (Meton MonTe-Kapno), onTumizamiiiHui aaropuT™ (CUMILIEKC-METOJ, TeHETHYHI
TOpUTMH, TpaaieHTHHU ciryck). [lotim peamizyere mogens y GNU Octave ab6o Scilab: nmumere
KOJ, 3aJja€Te mapaMmeTpu, roryere (yHKIi st renepaiii Tpadiky, oOUYMCICHHS MOKa3HUKIB,
noOynoBu rpadikis.

IT’sTuit eran — npoBeieHHS OOYUCIIEHb Ta OTPUMAaHHS pe3yJbTaTiB.

Bu 3amyckaere Mmopenb Uid pi3HUX HaOOpIB BXIAHMUX JIaHUX, 3MIHIOETE MapaMeTpH,
MPOBOJIUTE CEPII0 eKcrepuMeHTiB. Hampukiaz, Oyayere 3aI€KHICTh 3aTPUMKH BiJl IHTEHCUBHOCTI
Tpadiky, MMOBIPHOCTI BTpaTH BiJl po3Mipy Oydepa, MpomycKHOI 3JaTHOCTI BiJl KiIJIbKOCTI aHTEH
tomo. Ha mpomy ertami nayke BaxiMBa MpaBWIbHA TeHEpallis TCEBJOBHUIAIKOBUX YHCET 1
3a0e3meYeHHs BiITBOPIOBAHOCTI pe3ynbTaTiB (random.seed).

[HocTwuii eran — Bepudikallis Ta Baiiawis MOAEI.

Bepudikarmiss — mnepeBipka, Yd TpaBHJIBHO peali3oBaHa MOJENb (YW KOJ BiAINOBiIae
MaTeMaTHYHIA TTOCTAHOBII, YU HEMa€e TIOMUJIOK Y JIOTill YM anropuTMax). Bamigamis — nepeBipka,
Yy aJeKBAaTHO MOJENb OIKCYE pEATbHICTh (NMOPIBHSAHHA 3 pealbHUMH BUMIpAMH, JaHUMU
JTEpaTypH, BIIOMHUMH aHAJTITUYHUMHU (QOpMyJIaMu IJid MPOCTUX BUMAAKIB). SIKIIO pO30IKHOCTI
BEJIMKI — MOBEpTa€eTeCs JI0 MONEPEAHIX €TaliB: CHpPOILyeTe MEHIIE, JoJaeTe (PakTopH, 3MIHIOETE
PO3MOALTHN, YTOUHIOETE TApaMETPH.

CpoMuii etan — iHTepIpeTalis pe3yabTaTiB Ta BUKOPUCTAHHS.



Bu ananizyere orpumani gaHi, poOUTe BUCHOBKH, IIPOIIOHYETE PEKOMEH/IAIIIl: HAPUKIIAI,
«pH HaBaHTakeHHI MoHax 0,8 epiaHra 3aTpUMKa 3pOCTAa€ EKCIIOHEHLIHHO — MOTPIOHO 30LIBIINTH
Oycdep abo momatu cepBep», «ONTUMANIbHA KUTBKICTh 0a30BUX cTaHIii — 7 mpu Oromketi 500 THC.
rpa». Pesynprat Bizyamisdyere (rpadiku, TEIUIOBI KapTH, Jiarpamu), TOTye€Te 3BIT abo
MIPE3CHTAIIIIO.

VY peaibHUX MPOEKTax eTaly He 3aBXAU HAYTh CTPOTO MOCIiAOBHO: MICHS BaliJallii 4yacTo
MOBEPTAIOThCs 70 (hopmaitizanii ab0 HaBiTh 10 MOCTAHOBKHU 334adyi, SKIIO BHSABHIOCA, IO METa
chopMyIbOBaHAa HEMPABWIBHO. Y TEIEKOMYHIKAIIAX 0co0JuBO OaraTo iTepariii, 00 peabHI
Mepeki MalOTh BEIMUE3HY KUIBKICTh BUMAJAKOBUX (AaKTOPIB 1 HETIHIHHOCTEH.

Lleit umkin — ocHoBa Beiel aucuuiuiing. KoxkeH Baml MpakTUYHUAN 49U CaMOCTiHHNA poOoTy
OyJe MPOXOJUTH came uepe3 Il eTamu: BiJ peanbHOi 3amaui 3B’sa3Ky g0 komy B Octave/Scilab i
BUCHOBKIB. UMM Kpaie BH 3acBOIT€ If0 TOCHIJOBHICTh, TUM IIBUANIC W TOYHINIE 3MOXETE

po3B’s13yBaTH npodeciiiHi 3aaayi.

1.4. 3aga4i MaTeMaTHYHOT O NPOrpaMyBaHHS

MareMaTiuHe TPOrpaMyBaHHS — I€ PO3/AUT MaTEeMAaTUKH, SKUH 3aiiMa€eThcs MOIIYKOM
HaWKpamoro (ONTUMAIBLHOTO) PIIICHHS 3a7avi 3a MEeBHUX OOMEXKEHb. Y Balllii CIEIialbHOCTI IIe
OJIMH 3 HaMBaXIUBINIMX IHCTPYMEHTIB: Maibke KOXKHA peajibHa 3ajlaya B TEJIEKOMYHIKAIIAX
3BOAMTHCS JIO TOTO, HIO0 3HAWTH HAWKpaIlui pO3MOIT pecypciB, po3MilleHHS OO0jaJHaHHS,
MapHIpyTH3aiio Tpadiky, HaJalITYBaHHS MMapaMeTpiB MEPEXi TOIIO MPH 33JaHUX OOMEXKEHHSIX Ha
O10JKET, MOTYXHICTb, 3aTPUMKY, CHEPTil0, IPOMYCKHY 3/IaTHICTb.

3agaua MaTeMaTUYHOIO IPOTrpaMyBaHHs 3aBXKAM Ma€ OJTHAKOBY CTPYKTYpY:

- HinpoBa pyHK1IS (10 MU XOYEMO MaKCUMi3yBaTu ab0 MIHIMI3YBaTH).

- 3MiHHI pilIeHHS (110 MU MOYXEMO 3MIHIOBaTH).

- OOmMexeHHs (YMOBH, sIKHUX 000B’SI3KOBO Tpeba JOTPUMYBATHUCH).

- O6nacTh 1OMyCTUMUX 3HAUEHb 3MIHHUX (HANPUKJIAl, HEBiA €MHI, 11111, O1HApHI).

HaiinommpeHimi kjiacu 3ajad MaTeMaTUYHOTO IPOrpaMyBaHHsI, K1 BU 3yCTpIHETE B KypcCl
Ta B npodeciiiHiil poOoTI.

Jliniiine nporpamysanns (JIIT) — HalimpocTimuii 1 HaiffuacTie BUKOPUCTOBYBaHUH kiac. Yci
¢byHKIIT (1LTROBa 1 OOMEXEHHSI) — JiHiIHI, TOOTO MalOTh BUTISAT CyMH KOe(DilliEHTIB TOMHOXEHHUX
Ha 3MiHHI. 3MiHHI 3a3BUYail HeBi eMH1 a00 BUIbHI. [Ipukimany B TeIeKOMyHIKAIIsAX:

- MaKCHUMI3yBaTU MPOMYCKHY 3/aTHICTh MEpEeXl MpU OOMEXKEHHSAX Ha MOTYXKHICTb
nepeaBayvis;

- MiHIMI3yBaTl 3arajbHy BapTIiCTh pO3MillleHHs 0a30BUX CTaHI MNpU BHUMO31

MOKPUTTA He MeHIe 95% Tepuropii;



- ONTUMAIBHUI PO3MOALT YaCTOT MIXK OCepelKaMu 0e3 B3a€MHUX IEpEeIIKoa (3agada
po3dapboByBaHHs Tpady SK JNiHIHHA);
- po3monin Tpadiky mo nuiixax y Mmepexkax MPLS a6o SDN. Jlns posB’s3aHHS

BUKOPUCTOBYEThCS CHUMIUIEKC-MeToA (abo Horo Moaudikamii), skuii BU OyaeTe BHBYATH Ha

MpakTUYHUX 3aHATTIX B Octave/Scilab.

MeToaH MAaTEMATHYHOIO MOJACTIOBAHHS

Metox Omuc Obaacrs 3acTocyBaHHs IlepeBarn MeToIy Hexoaixu Meroay
Jliniitae Cx1agaeTses cCHCTeMA He cxaams muifE] ITpocToTa, MOAIHBICTS MBHAKO | Bysske xomo
NMPOrpaMyBaHHA | MHIAHHX DIBHAHS 3 JeTepMIHOBaH1 337371 (13 | OTPHMATH PieHHS Oe3 BHpIIYBAHHX 33B]IaHE -

HEOOXITHHMH O0MeXKEHHIM. 3a3jasnerias TOIHO 3actocysarrs EOM. IIpr JHIIE MaTa YacTHHA
THMOB! 33BJaHES - CKIAJAHHEA | BIJOMHMH Pe3yIbTaTaMH | 3JeKBaTHIH NOCTAHOBIL! PeATBHHEX ITPOLECiB
PLIKHX CyMilled, pOSnoauTy Ti€l 9H 1HIOI CTpaTertii). 3aBJaHHA 330e3neTyeTHCs MHIAHA, B IKIIHX
pecypcis HeoO0X1JHa TOYHICTE PIICHHA BHIAJKAX BHHHKAEC
32iBa aMPOKCHMAIIA.
Heainiiine Cxi1anaeTsca CHCTEMa 3aB1aHES 13 3ATaHHME MoXTHBICTS 331aBaTH CKIaJHICTS PIICHHA
NMpOrpaMyBaHHs | HETHINHNX PIBHAHE 3 HETHITHHIME 3ATEAHOCT] IMIHHHX - Heo0xiHicTs BEIHKOrO
HEOOX1JHHMH OOMEAKCHHAM. CMIBBIIHOMECHHAMH HaNpHK1a] BILTHE 00cary 9HCIa JAHEX.
THMOB! 3aBJaHES - YNIPABTIHEA | SMIHHHX. NPOJAXIB Ha IIHY.
BHPOOHHYHM IIPOLIECOM,
BHPYYKA BiJ peamsamii
IPOIYKINL
Aunamigae JIK MpaBHI0, CKIATAETECE Bararoeransi 3a1a4i. J103B010TE MPHANATH Byzske Koo
NporpaMyBaHHs | Mepexesa Moaeas. [Ipukaan - | PesyasTaToM BHKOHAHHR | MPABHIBHE PIICHHA 037114 pasie | BHPIIYVEAHHX 33B]aHb,
MOJSTH PO3MOALTY 3YCH.T. 33BJJAHHA € DEKYPSHTHHA | 023 BTPYYaHHS MOIHHEH (Ha CKIAHICTD CKIAIaHHA
BHDa3, O BHPAKAE KPOKH, | OCHOB1 PEKYPEHTHOIO BHPasy) - | PEKYPPEHTHOrO BHPasy.
SK1 CA NPHIAMATH Ha 100710 3 JOomoMorow EOM.
Oyab-AKOMY eTami.
Mepexesi Mepexepi 3a7a11 - OKpeMHit Mepexepnit MeTOR I'padiurmil MexaHi3M 3pYYHER | BiabmnicTs 3aBJaHs, MO
3ajagi BHIIJIOK 33734 THIAHOro IPYYHHE 14 rpadigHOro | 719 OMHCY 3aBJaHb MHIAHOIO BHPIMVIOTECA JaHHM
nporpavyBarHs. Jl14 onrcy OMHCY ONMTHMI3AIHHEX nporpamMyBaHHs. MOATHBICTE | METOJOM € BapialiaMH
MOJeMi BHKOPHCTORYETBC 33739 1 MOXKe BPaxOBYBATH NPH BHPIMIEHKE] TPAHCMOPTHOI 337341.
rpad. ITpHK1a7 - TPAHCTIOPTHA | 33CTOCOBYBATHCA 414 TPAHCTIOPTHO! 337391
3a]ava. CKIAIHHEX (THCSY1 3MIHHEX | Ce20HHOCTI, MPOMYCKHOL
1 COTHI OOMeEXEeHE) 3J3aTHOCTI, 3MIEEOI MOTYAHOCTI
33BJ1aHb. MOCTAYaTBHHKIB 1 T.IN.
Imoripricwi Mertoxa, mo Bpaxosye Byas-sKi Mozeni, a1 3aMicTh 3afBOTO YCKIATHEHHSA CKIaTHICTH PilIeHHS
onTuMizamiiii | BIPOIIHY KOMIIOHEHTY. OIHCY AKHX NOTPiGHI MOJIe1 BBOAAThCA fimoBipHOcTI | Ges EOM.
monesd Brrouae B cebe iMOBIPHICH] BHINAIKOBI BeTHYHHH. noii, mo A03BONSE BHPINIYBATH
MOIe i YIPaBTiHHA 3amacaMH i CKJIAHI 3aBJAHHA, AKI He
CHCTeMH MacoBoro BHPIIIYIOTHCH 1HITHMH
06CTyTOBYBAHHS. METOJIaMH.
Iitouncesmsue | 3Haune wncao onTuMisamiiunx | Kogo saza, mo Bamarae | MeToz 10380715€ BHpINIYBaTH Bcei Hezomikn
MPOrPAMYBANNSA | 32727 MAIOTh OOMeKeHHS B LiTOYHCETLHOTO PIllIeHHA. | KOMGIHATOPHI 387411, BHpINTYBaHOTO K7Iacy
LeJOYHCICHHOM BHPIMIeHH]. 3a1a4.
Jlas ix BHpimEHHS NOTPiGH1
ocobamei atropuTva. [Tpukiax
~3a7a4a KOMI1BOLKepa.
Imiraniiine 3acrocosyerses Ha EOM. 3 Knac 3aza4, mo He MmoxkHa | [IIHpoxe K010 BHpILIyBaHHX CKIa1HICTh ONIHCY BCIX
MOJCHOBAHHA | OIUIALY Ha WBHIKICTH BHPIIIHTH IHIIHMH 3aBJaHb. YMOB | BHMOTH
PO3PAaXYHKIB MOKYTh MeTOJAMH. 0GMHCTI0BATHHOL
BHPILIYBATH 3aBJ1aHHA NOTYXHOCTI.
NPaKTHYHO Gy 1b-AKOT
CKJIATHOCTI.

Heniniitne nmporpamyBansas (HJIIT) BuHukae, xonmm xo4ya 6 omHa 3 QyHKIN (IIIp0Ba YU

oOMexeHHs) HemiHilHa. e 3HauHO ckiaaHime, 00 HeMae rapaHTii I7100aJIbHOTO ONTUMYMY, 4acTo

3HaXOAUMO JIMIIIE JOKAIbHHUMN. HpI/IKJIaI[I/I:

ypaxyBaHHSIM HEJIIHINHOI 3aJIe)KHOCTI BTpAT BiJl BiJICTaHI;

ONMTHUMI3aIlis MOTYKHOCTI TIepenaBadiB Il Makcumizaiii sikocti curHany (SINR) 3

MiHiMi3aIlisl eHepTOCMOKUBAHHS MEPEXKi MIPHU HETTHIHHIX MOJIETISAX MiJCHIIIOBAYIB;

10




- HaJaIITYBaHHS MMapaMeTpiB aAanTHUBHOTO KoayBaHHs Ta Mmoxyisii (MCS) B 5G/6G.
Metoau po3B’si3aHHA: TPAIIEHTHUH CcITycK, MeTol Hbl0TOHA, TeHETHUYH] alrOPUTMH, POTHHI METOIU
(PSO), sxi nerko peamizyBaru B Octave.

Iimouncensue nporpamyBanHs (LII1) — xoam nmeskxi a6o Bci 3MiHHI PIIEHHS MarOTh OyTH
niuMu yuciamu. Haitgacrime 3ycrpidarotees 6iHapHi 3miHHI (0 a6o 1). [lpuknanu:

- 9H BCTAHOBJIIOBATH 0a30BYy cTaHIi0 B naHii Touri (0/1);

- CKUTBKH KaHAJIB BUIUIMTH KO)KHOMY KOPHCTYBAUeBi;

- BHOIp MapmpyTy B Mepexi (OiHapHI 3MiHHI 7151 pedep);

- 3ajaya Tpu3HaueHHa dYacToT (frequency assignment problem). Ile omun 3
HaliCKJIaAHIMX  KjiaciB, ©0 HaBiTh HEBENHKI 3a7adl  MOXyTb Oyt  NP-Baxkumm.
BUKOpPUCTOBYIOTHCS METOAM BiJICIKAHHS Ta T1LJIOK-MEX, penakcaiis (crmodarky po3B’szyemo sik JIIT,
MOTIM OKPYTJISIEMO), €BPUCTHKHU.

3mimane minouncenbHe mporpamyBaHHs (3LII) — komOiHaris: dYacTWHA 3MIHHUX
HemepepBHi, udacTtuHa wnimi. Jlyxxe mnomupeHe B TenekoMyHikamisx. [Ipuknaa: onTumanbHe
po3mimeHHss 0a30BHX cCTaHIii (OiHApHI — CTaBUTWU/HE CTAaBUTH) + PO3MOALT MOTYKHOCTI
(HemepepBHa 3MiHHA) ITpU 0OMEKEHHIX Ha iHTEp(epeHLito.

CroxacTtuyHe MporpaMyBaHHs — KOJIM IMapaMeTpH 3a/1adi HEBIJOMI TOYHO, a BiIOMi JIHIIe 1X
HMOBIpHICHI XapaKTEPUCTHKW (HANPUKIAJ, BHUIAJAKOBE HABAHTAXCHHS MEPEXKi, BHUIIAIKOBI
nepewkoan). Buau:

- 3 pekypciero (two-Stage) — crmoyaTky OpUHMAEMO PIlICHHS, MOTIM peai3yeThest
BUITAJIKOBICTh 1 KOPUTYEMO;

- chance-constrained — HMOBIpHICTH MOpYLICHHS OOMEXEHb HE OuIbIle 3aJ1aHOTO
pIBHS;

- cTroxacTuyHa onTumizauis 3 Monte-Kapno. Ilpuxianu: ninaHyBaHHS pecypciB y
Mepexi 3 BHUIAJKOBUM TpadikoM KOPUCTYBadiB, ONTHMAJIbHE pE3EepPBYBAaHHS KaHAJiB NpU
BUIIA/IKOBUX B1JIMOBaX.

baratokputepianpHa ONTUMI3allid — KOJU € KUIbKa KOHQIIKTYIOUMX LUJIed OJHOYacHO
(HampuKJIaa, MakKCUMI3yBaTH MPOIYCKHY 3AAaTHICTh 1 MIHIMI3yBaTH 3aTPUMKY, a00 MaKCHUMI3yBaTu
MOKPUTTS. 1 MIHIMI3yBaTH BHUTpaTu). PO3B’sS3aHHS: METOJ 3BaXKEHOI CyMH, METOJ &-O0OMEKEeHb,
[TapeTo-onTUMaNbHICTh, €BOJIOLiIHI aITOPUTMH.

VY BamoMy Kypci OCHOBHA yBara NpuIUISE€TbCS JIHIHHOMY Ta HENTIHITHOMY NpOTrpaMyBaHHIO,
a TaKoX MPOCTHM CTOXAaCTUYHMM IMigxojaMm. Bu HaBuuTecs QopmymtoBaTu 3agadi came B I
¢dopwmi, peanizoByBaTH ix B Octave/Scilab (nanpuknan, ¢pynkuis linprog nms JIII, fmincon-noaioHi
mis HIJII) 1 aHamizyBaTu pe3ynabTaTH. Po3yMiHHA IHMX KIaciB 3aJad JO3BOJIAE€ BXKE Ha eTari

IIOCTAaHOBKHU HpO6HeMI/I BI/IpiHII/ITI/I, KW iHCTPYMeHT 34CTOCOBYBATHU: YW BUCTAYUTHL CHMILJICKC-
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MeTody, 4M TOTpiOHa imitamiss 3 Monrte-Kapmo, uyn m0BeneTbCcsi BUKOPUCTOBYBATH TEHETHYHI
JITOPUTMHU JIJIS CKJIQJHUX LIJTOYHCEIbHUX 3a/1a4.
Ile ocnoBa mis temMu 4 Kkypcy («OnTumisaimiss CHCTEM Ta MeEpex»), Je BU Oyaere

0e31ocepeIHbO PO3B’A3yBATH peabHI TEJICKOMYHIKAIIMHI 3aa4l ONITUMI3aIlii.
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Tema 2. Komn’roTepHe Mo1eIl0BaHHSA

2.1. CepenoBuina MoJeTI0BaAHHSI

Y  nucuurutini  «MozentoBaHHS CHUCTEM» Il MPaKTUYHOI peanmizaiii MaTeMaTHYHHX
MOJIeTIeli BUKOPHCTOBYIOTHCS JIBa OCHOBHI BiIKpuTi (Oe3komToBHi) cepenosumna: GNU Octave ta
Scilab. Bonu cnenianbHO peKOMEHIOBaHI poOOYOI0 MPOrpamoro, 00 J03BOJISIOTh BUKOHYBAaTH BCi
HEOoOXiHI OOYMCIIeHHs, Tpadiky, ONTHUMI3alil0 Ta IMiTamiro 0e3 mpuadaHHS KOMEPIIHHOTO
nporpamMHoro 3abe3nedeHHs Ha Kmtant MATLAB. O6unBa incTpyMeHTH TpaiiooTh Ha Windows,
Linux ta macOS, MalOTh CXOKUH CHHTAKCHC, OPIEHTOBAHHWI HAa MAaTPU4YHI OOYMCIICHHS, 1 AKTUBHO
PO3BHBAIOTHCA.

GNU Octave — ne Binkputuii anaior MATLAB, cTtBopeHuid 3 METOH MaKCHMalbHOT
CYMICHOCTI 3 HHM. Woro cunrakcuc Mmaike imentuunuii MATLAB: 6inbiiicTs CKPHIITIB,
nHanrcanux it MATLAB (6e3 crienianizoBanux toolbox-iB), 3amyckatotscsi B Octave 6e3 3mMiH abo
3 MiHIMaTbHUMH TipaBKkamMu. Lle poOouth Octave ineaqbHUM BHOOPOM, SIKIIO BH IUIAHYETE
MpaloBaTH 3 KoJaMHu, sIKi MOKyTh OyTu nepeneceHi B MATLAB y maitOyTHbOMY (Hanmpukiiaj, Ha
po0OOTI B KOMMAaHifX, JI€¢ BHUKOPUCTOBYIOTh KOMEpIiiHYy Bepcito). Octave Mae TOTYXHHIA
iHTEepIpeTaTop Al MaTPHIb 1 BEKTOpiB, BOynoBany 2D/3D-rpadiky, IHCTpyMEHTH IS PO3B’I3aHHS
piBHSHB, ONTHMI3allii, CTATUCTUKH, CHMBOJIbHUX OOuYHMCIIeHb (depe3 makeT symbolic), reHepartii
BUIIAJIKOBUX YHCEJ, YHCEIbHOTO IHTErpyBaHHs Ta pPO3B’si3aHHSA OU(depeHIlalbHUX pPIBHAHb. Y
2025-2026 poxax Buiinum Bepcii 10.x ta 11, ne nmokpameno cymicHicts 3 MATLAB, rpadiunnii
iHTepdeiic (GUI), backend rpadiku, 1onani HOB1 (YHKIIIT MOLUIYKY MAKETIB, ONTHMI30BaHa poOoTa 3
Java ta mam’satTi0. Octave miarpumye naketu (sk y MATLAB — uepe3 pkg install), Hanpuknan,
control, signal, communications, optimization, statistics, mo O0e3mocepeaHb0 MOTPiOHI AT
MOJIETIIOBAHHS TEIEKOMYHIKALIHHUX CUCTEM 1 MEpeK.

Scilab — me oaMH TOTY)XHUI BIIKPUTHA IHCTPYMEHT Ui HAayKOBUX OOYHCIICHb,
pO3pobIIeHH T CIeliaTbHO s iHKeHepHHX 3a1ad. Moro cuntakcuc 6mmsbknii 1o MATLAB, are 3
JeSIKUMHU B1IMIHHOCTSIMH (HampHKIa, iHAeKcallis 3 1, iHii Ha3BU (QYHKIIH y JESKUX BUMAIKaX).
Scilab ne mparne 100% cymicHocti 3 MATLAB, 3are mMae BiacHi CHJIbHI CTOPOHU: BOYAOBaHUIA
rpadiuHuil penakrop mozaened Xcos (anamor Simulink s G10KOBUX Ailarpam), SIKMH 11eaibHO
MIIXOAUTh JJIS MOJETIOBaHHS JWHAMIYHMX CHCTEM, 4epr, TEeJICKOMYHIKAIITHUX TPOIIECIB,
kepyBaHHs. Y Bepcisix 2025.0.0 ta HoBimmx gomaHo lambda-¢yHKiii, HOBUH CHHTaKCUC IUis
KOMILUIEKCHUX 4Mceln, ¢yHKuito kmeans juist kinactepusaiii, vander niast matpuub Banaepmonaa,
MoKparieHo rpagiky (aHTH-aJTiaCHHT 3a 3aMOBUYBaHHSAM, MoBepHeHHs handle-iB Bin plotting-
¢byHkid, miaTpumka Gopmyn y Tekcrtax rpadikiB). Scilab mBuammii y neskux mnapaienbHHUX

O00YHCIIEHHX, Ma€ JOOPY MPOAYKTUBHICTD I BEJIMKUX MaTpHIb 1 100pe IHTETPYETHCS 3 IHITUMU
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MoBaMH. BiH 0COOIMBO 3pydHUNA M1l IMITAIITHOTO MOJICTIOBAHHS CKJIQIHUX CHCTEM, JI€ MOTpPiOHI
OJIOKOBI CXEMHU.

OO6uBa cepeoBUIla JO3BOJISIOTh:

- MpAIIOBaTH 3 MATPUISIMU Ta BEKTOPaMH SIK 3 OCHOBHUMU 00’ €KTaMH;

- oynysatu 2D/3D-rpadiku mis Bisyaisamii pe3yssraris (plot, surf, contour To1mo);

- BUKOPUCTOBYBaTH omnepatopu kepyBanus (if, for, while), ¢pynkuii, nceBnoBumaakosi
gucina (rand, randn);

- pPO3B’s3yBaTH CUCTEMH PiBHSAHB, AudepeHiianpHi piBHIHHA (odepkg B Octave, ode B
Scilab);

- BUKOHYBaTH ontuMizauito (linprog, fminsearch, ga-noxioHi);

- MPOBOJUTH iMiTalliro metooM MonTe-Kapo.

VY kypci BU MoxkeTe oOpatu OyAb-siIke 3 HHUX 3alIe)HO BiJ ymogoOanb: Octave — SIKIIO
BaXKJIUBa MakcuMasbHa cymicHicTh 3 MATLAB 1 npocrora nepexoay; Scilab — skmio nianyere
BUKOPUCTOBYBaTH XcCOS JJs1 OJIOKOBOTO MOJIENIOBaHHS JWHAMIYHMX cucTeM 1 mepex. OOuasa
BCTaHOBJIIOIOTHCSI O€3KOITOBHO 3 oimiiiHuX caiTiB (octave.org Ta scilab.org), MaioTh
JOKYMEHTAIIl0 YKPaiHChKOIO/aHTJIMCHKOI0, BEIMKY KUIBKICTh TPHKIAAIB 1 cHoipbHOTY. Ha
MIPAKTUYHUX 3aHATTAX BU OyJeTe MUCATH KOJ caMe B OJTHOMY 3 IIUX CEPEeIOBHIL, 00 MOJIEIIOBATH
MPOLIECH B TeNIEKOMYHIKAIlisAX: Tpadik, Yepru, 3aTPUMKH, ONITUMI3aLIiI0 PEeCypCiB TOLIO.

['onoBHE — 0cBOiTH 0a30BUI CHHTAKCHUC (MAaTpU4HI omepairii, GpyHkiii, rpadiky), 60 came Ha
HbOMY OYIy€TbCsl BCE TOJAJBIIE KOMIT IOTEPHE MOJIeToBaHHS B auctuiniiai. Ilicias xypcy Bu
3MOXETe CaMOCTIHO BUKOPHCTOBYBATH Il IHCTPYMEHTH IJII HAYKOBHX PO3PaXyHKIB, KypCOBHX,

JUIIIOMHOT pOoOOTH UM npodeciitHux 3a1ad.

2.2. OcnoBu nporpamyBanns B Octave/Scilab

Octave 1 Scilab MalTh gayxe CX0XXMH CHHTAKCUC, OpPIEHTOBAaHUIM HAa MAaTPUUYHI OOYMCIIEHHS
Ta HAayKOBI PO3PaxyHKH, TOMY OCHOBH IIpOrpaMyBaHHS B 000X cepelOoBHUINaX Maibke ofHakoBi. Bu
MOJKETE€ BUKOPUCTOBYBATH OYyIb-SKe 3 HUX JJISI KYpCy — KOJI, IKMi BH HaIlUIIeTe, Oy/e MpamroBaTu
B 000X 3 MIHIMQJIbHUMH TMpaBKaMu. ['0J0BHA BIAMIHHICTG i movatkiBis: Octave OMmx4uii 110
MATLAB (maibke mnoBHa cymicHicTh), Scilab wmae BOynoBanmii Xcos s  GJIOKOBOTO
MO/IEJIIOBAHHS, ajie 6a30BHI CKPUIITOBHIA CTHIIb OHAKOBUH.

[Iporpama 3amyckaeTbcsi B KOHCOJI (KOMaHIHOMY PSIZIKY) a00 uepe3 peaakTop CKpunTiB (.m-
¢aiimu B Octave, .sce a6o .sci B Scilab). Yci komanau MoxHa BBOAUTH 0€3MOCEPETHBO B KOHCOJIb

JUISL IIBUJKUX MEpeBIpoK abo mucaTH B (haili 1 3amycKaTH.
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3MiHHI CTBOPIOIOTHCSI TIPOCTUM TPUCBOEHHSIM 0€3 TOMEPETHLOTO OTOJIONIEHHS THUITY. IMeHa
YyTJIUBI JIO pericTpy, Hampukiaa: a = 5; A = [1 2 3; 4 5 6]; (matpuns 2x3) pi — BOynoBaHa
KOHCTaHTa, ans — aBTOMAaTUYHA 3MiHHA JUIsI OCTAHHBOT'O PE3yJIbTaTy 0e3 ;.

Martpuii Ta BeKTOpH — ocHOBa MOBHU. CTBOPIOIOTHCS KBAJPAaTHUMHU IYKKaMH, €JIEMEHTHU
PO3IUIAIOTHECS TIpoOiTaMu a00 KOMaMH, PSIKH — Kpamkoro 3 komoro: v = [1 2 3 4]; (psakoBuit
BekTop) W = [1; 2; 3]; (croBnueBuii Bekrop) M =[1 2; 3 4];

Hoctyn no enementiB: M(1,2) — eneMeHT mepuioro psakKa, Apyroro croBmis. M(:,2) — Bech
apyruit ctoBnens. M(2,:) — npyruii psaok. M(end) — ocTaHHI# €IeMEHT.

Apudmernuni omeparii: + - * / ~ 1y Marpuib NPaIoOTh MOCIEMEHTHO, SKIIO J0JaTH
Kpanky: .+ .- .* ./ . Hanpuxman: A .* B — moeneMeHTHE MHOKEHHsI. MaTpuyHe MHOXKEHHs: A * B.
Tpancnonysanus: A' abo A.' (uis komIuiekcHuXx — Hermitian).

KomenTapi nounnatotscs 3 % (Octave) abo // (Scilab). % Lle komenTap // Lle Te:x komeHTap

Busenenns: disp(x) — BHBOAWTH 3Ha4YeHHS 3MiHHOL. printf("3Hauenus = %f\n", X) —
¢dbopmaroBanwuii BuBiA. Kpamka 3 KOMOIO ; B KiHIII psiJIKa IPUXOBYE BUB1Jl y KOHCOJIb.

Beenenns nanux: x = input("BeeniTs uncno: "); — 3anuTye 3Ha4EHHS 3 KOHCOJTI.

Omneparopu kepyBaHHS: YMOBHHUE omnepatop: if ymoBa komanmu elseif iHma ymoBa
KomaHu else komanau end

Huxmwm: for 1= 1:10 disp(i); end

while ymoBa xomanu if mocs, break; end (Buxin 3 mukiy) if mock, continue; end (HacTymHa
iTepauis) end

OyHkIil redeparii BumaakoBux yucen: rand() — piBHoMipHu#t posnoxain [0,1] rand(n,m) —
MaTpullsi nxm BUNaAkoBuX yucen randn() — HopManbHHIl (raycciB) posmoxin rand("seed",
3HaueHHs1) abo rand(''state", 3Ha4YeHHS) — yCTaHOBKAa MOYATKOBOTO CTaHy JJIS BiJITBOPIOBAHOCTI
(myxe BaxJIMBO IS iMiTarii!)

I'padika — mpocra ¥ notyxHa: X = 0:0.1:10; y = sin(x); plot(x, y); — 6a3oBuii rpadik plot(x,
y, "r--", "linewidth", 2); — yepBona nmynkTupHa JiHisi, TopumHa 2 title("Cunycoina"); xlabel("Hac");
ylabel("Ammmityna"); grid on; Jns kimbkox rtpadikiB: hold on; ab6o plot(x,yl,x,y2); 3D:
mesh(X,Y,Z); a6o surf(X,Y,Z2);

o6 cTBOpUTH (YHKIIO, MHUIIITH OKpeMHi (aiin, Hampukiaaa sin_func.m: function y =
sin_func(t) y = sin(t) + 0.5*cos(2*t); endfunction ITotim Buknukaiite: sin_func( pi/2 )

Ckpuntu (.m abo .sce) MPOCTO BHUKOHYIOThCS KomaHaow run("iMm's_ daitmy") abdo
HATUCKAHHSAM KHOIIKH B PEJaKTOPI.

st ouniieHHs: clear — Bupansie BCi 3MiHHI, clc — ouunIiae KoHcob, clf — ouniae rpadiuyne

BIKHO.
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Ili Ga30Bi eleMEHTH — OCHOBa BCHOTO KOMIT FOTEPHOTO MOJIEIIOBaHHS B Kypci. Ha
NPAaKTUYHUX BH OyJeTe BHKOPHUCTOBYBATH caMe iX JJIsi CTBOPEHHS MOJEJeH: reHepauis Tpadiky
(rand), nukay moIs imiTanii noxii, rpadiku A Bizyamizamii 3aTPUMOK 4M MPOMYCKHOI 34aTHOCTI,
GbyHKIIT 11T TOBTOPHOTO BUKOPUCTaHHS Koay. ITOYHITH 3 MPOCTUX CKPHUIITIB y KOHCOJI, MOTIM

nepexopTe 10 (aitiiiB — 1 MBUIKO OCBOITE CEPEIOBUIIE IJIs 3a/1a4 TEICKOMYHIKAITIN.

2.3. 'eHepailisi nceBAOBUNAAKOBHX YU CeT

['eHepalrisi ICEBIOBHUITAIKOBUX YHCEN — KIIFOUOBHIA €IEMEHT IMITaIllifHOTO MOJICITIOBaHHS B
TEeNIEKOMYHIKAIlifAX. bBUIbIIICT, peanpbHUX MPOIECiB Yy Mepexax (Mpuxig TakeTiB, dac
00CITyroByBaHHS, 3aBa/ii, pyXy aOOHEHTIB, TOMHIJIKM B KaHalli) MalOTh BUMAAKOBHUN XapakTep. 11106
iMITYBaTH iX Ha KOMII IOTEpi, MU BUKOPHUCTOBYEMO ICEBIOBUIIAIKOBI MOCIIIOBHOCTI — YMCIA, SKi
BUTJISAZAIOTh BHIIQJKOBUMH, aje¢ TI'CHEPYIOThCS JCTEPMIHOBAHO 3a TEBHUM airoputmom. Lle
JI03BOJISIE BIITBOPIOBATH €KCIIEPUMEHTH: 3QITyCTUBIIN MOJEIbh 3 THM CaMHM IOYaTKOBHUM CTaHOM,
BH OTPUMAETE TOYHO Ti CaMi «BHITaIKOBI» MOJIi.

Y GNU Octave ta Scilab ocnoBHi ¢yHKIIiT 11st rereparrtii — rand i randn.

Oyukiis rand reHepye ymcia 3 piBHOMIPHOTO po3noiny Ha inTepsadii [0, 1).

rand() — oxHe yuco

- rand(5) — marpums 5x5

rand(3,4) — marpuns 3x4

- rand(n,m,"single™) — Tun nanux single (pinko morpideH)

[I{o6 oTpuMaTH ymucia B IHIIOMY Jiaa3oHi, MPocTo MacmTadyeMo Ta 3cyBaeMo: uniform = a
+ (b - @) * rand(); — piBHOMIipHHIT PO3MOALT Ha [a, b]

Jlis AMCKpeTHUX BEIWYMH (HalpHUKiIad, KUIbKICTh MAKeTiB): poisson = poissrnd(lambda); (B
Octave uepe3 maker statistics, B Scilab — grand("poi", lambda))

®ynkIis randn rerepye yrcia 3i CTaHAAPTHOTO HOPMAIBHOTO (IayCcCiBCHKOT0) PO3MOALTY —
cepenne 0, nucrnepcis 1.

- randn() — oaxe umncio

- randn(1000,1) — 1000 3Ha4eHb I TiCTOrpaMu IyMy

Lle ineanpHO UIsT MOAGTIOBAHHS aJUTUBHOTO TayCCIBCHKOTO IIyMY B KaHaJi 3B’ A3Ky: NOISE =
sigma * randn(size(signal)); received = signal + noise;

[[{o6 3a0e3meunTH BIATBOPIOBAHICTH PE3YJbTATIB (IYy)KE BAXJIHBO JJIs HAJAroJKEHHS,
MOPIBHSIHHS MOJIeNiel, HayKOBUX MyOJTiKalliil), moTpioHO (pikCyBaTH MOYAaTKOBUN CTaH reHepaTopa —
seed abo state.

Y GNU Octave pexomennoBanuii croci6 — rand("seed", 3HaueHHs); — BCTAHOBIIOE MTPOCTUI

nutouncensauil seed (crapuid, ajme mpoctuii croci0) AGo moBHui cran: rand("state", v); — me v —
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BeKTOp 625 enemenTiB (moBHUI cran Mersenne Twister) v = rand("state"); — oTpumMaTi TOTOYHUI
cran rand("state", "reset"); — CKHHYTH 10 3aBOJICBKOTO CTaHy

Haiinpocrimmii 1 Halfyacriiie BUKOpUCTOBYBaHUi y Kypcei: rand("seed", 12345); — Toxi rand
3aBXKJU BUAABaTHUME OJIHY ¥ Ty caMmy MOCJII0OBHICTh MTPH KOKHOMY 3aITyCKy CKPHUIITY.

VY Scilab anamoriuno: rand("seed", 3mauenns); a6o rand("setsd", sd); (grand s
po3mmpenux reHepatopiB) Jns HopmambHOro: rand("nmormal"); mepemukae TeHepatop Ha
HOpMalIbHUM, ane seed BcTaHOBMIOETHCA Tak camo. grand("setsd", sd); — mis AesKux po3mOAiIiB
(poisson, exponential Toiro).

Haiikpaia mpakTrka ajis iMITalliiHOro MOJISIIOBaHHS B KypCi:

1. Ha mouarky ckpunty 3aBxau craBte ¢ikcoBanuit seed: rand("seed", 42); (abo Oymab-
SIK€ YMCII0, HAPUKIIAM, Pik a00 HOMEp CTYACHTA)

2. k1o moTpiOHO KibKa HE3aICKHUX MOCIITOBHOCTEH — 3MiHIOWTE seed JIs KOXKHOL
cepii eKCIIepUMEHTIB.

3. Jlis TOpiBHSIHHSL PI3HUX MOJENed — BHUKOPUCTOBYWTE TOW camuili seed, 1100
«BHUIAJAKOBI» MO/I{ Oy OTHAKOBUMH.

[Tpuknaan 3aCTOCYBaHHS B TEJICKOMYHIKAIIIsIX:

- MopentoBaHHs IMyacCOHIBCHKOTO TOTOKY BUKIIMKIB: KUIBKICTh MOJIN 3a 1HTEpBal =
poissrnd(lambda * T)

- Yac Mixx npuOyTTSIMH MTAKETIB: eKCroHeHianpHui po3noait — -log(rand()) / lambda

- [Tomunku B kanaini 3 BER: nomuika = (rand() < BER)

- Pyx xopucryBaua (Mozens random waypoint): koopauHat = rand() * o6siacTb

- Metox Monre-Kapino g OIiHKM #HMOBIpHOCTI OJOKyBaHHA: OaraTtopa3oBO
reHepyemo Tpagik rand 1 paxyeMo 4acTKy BTparT.

be3 ¢ikcamii seed pe3ynbraté OyayTh PI3HUMH MPU KOKHOMY 3allyCcKy — 1€ JI00pe st
¢biHanbHOI OLIIHKHM, aje MOraHo Ui HaJaro/UKeHHS Ta IMOpIBHAHHA. 3aBxau ¢ikcyiTe seed Ha
noyaTKy, a JJIs CTaTUCTMKM 3alyckaiite Oarato peanmizauii (Hanpukian, 1000-10000) 1
YCEpPEIHIONTE PE3YIbTATH.

OcpoiBmu rand, randn 1 seed, Bu 3MokeTe peasli3oByBaTH MOBHOIIHHI CTOXAaCTUYHI MOJET1
4epr, Mepex, KaHaliB — caMe Te, 10 MOTpiOHO 1t TeM 3 1 4 Kypcy. Ha nmpakTHUHUX 3aHATTAX BU
Oyzere BUKOPUCTOBYBATH 11 PYHKIIT /Ui iMiTanii Tpadiky, uepr M/M/1, oliHKH 3aTPUMOK 1 BTpaT

y Mepexax.

2.4. I'padika
Bisyanizamist pe3ynbTaTiB — 0MH 3 HaliBaxuBimuXx etamniB MozaemoBaHHs. Y GNU Octave

ta Scilab rpadika 103BoJIsIE MIBUAKO MOOAUYNUTH 3aJI€KHOCTI, BUSIBUTH 3aKOHOMIPHOCTI, ITOPIBHSTH
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CIieHapil Ta MPEACTaBUTH Pe3yIbTaTH 3po3yMisio. OOKIBa cepeloBUIIa MAIOTh OTYXHI BOYI0BaH1
iHCTpyMeHTH A7 2D- 1 3D-rpadikiB, sKi BUKOPUCTOBYIOTHCS Maii’ke B KOXKHIM MPaKTHUHINA poOOTi
Kypcy: MoOyZoBa 3aJieKHOCTI 3aTPUMKH BiJl HABaHTA)XEHHS, TiCTOTpaMu 4acy OOCIyroBYBaHHS,
MOBEPXOHb MPOIMYCKHOT 3/1aTHOCTI, JliarpaM PO3IO/iay CUTHAITY TOIIO.

OcuoBha ¢yukmis s 2D-rpagikie — plot. Boma Halinpocrimia # HaigacTime
BUKOPHCTOBYBAHA.

[Tpuknaan 6a30BOro BUKOPUCTAHHS:

x =0:0.1:10; y = sin(x); plot(x, y);

Ile mobyaye cunycoimy. Illo6 wnamamrryBarm Buriasg: plot(x, y, "r--", "linewidth", 2,
"markersize", 8);

- "r--" — yepBOHA MyHKTHUPHA JiHIs

- "linewidth", 2 — ToBMHA MiHIT

- "markersize", 8 — po3mip MapkepiB (SKIIO €)

Kinbka kpuBuX Ha ogHOMYy Tpadiky: yl = sin(x); y2 = cos(x); plot(x, y1, "b-", X, y2, "g--");
Ao60 ugepes hold on: plot(x, y1, "b-"); hold on; plot(x, y2, "g--"); hold off;

[Minmucn  ta  odopmuteHHs:  title("3amexHicTh  3aTPUMKH  BiJl ~ HaBaHTaKEHHS'"),
xlabel("laTencuBHicts  Tpadiky, epnanr"); ylabel("Cepenns 3arpumka, wmc"); grid on;
legend("M/M/1", "M/D/1", "location™, "northwest");

Jnst norapudmiunux oceil: semilogx(X, y); — sorapudm no X semilogy(x, y); — gorapudpm
o Y loglog(x, y); — morapudm no 060x ocsix (my»xe 3pyuno aiis BER vs SNR)

[icrorpamMu — s aHamizy po3MOAUNB (HANpHKIA[, 4ac MK makeramu): data = -
log(rand(10000,1))/lambda; % excrnonenuiansuuii posnoain hist(data, 50); % 50 cToBmuukiB A6o
cyyacHimui BapiaHt: histogram(data, "Normalization", "pdf"); % st mOpiBHSIHHS 3 TEOPETUUHOIO
LIJIBHICTIO

TouxoBi rpadiku (scatter): scatter(x, y, 20, "filled"); — Touku po3mipom 20, 3amoBHEHi
scatter(x, y, 30, c, "filled"); — xouip 3aeXuTh BiJ BEKTOpaA C

3D-rpadiku moTpiOHI AN MOBEPXOHb (HANPHKIAA, TPOIMYCKHA 3IaTHICTh BiJ JBOX
napametpiB): [X, Y] = meshgrid(0:0.1:5, 0:0.1:5); Z=X *Y ./ (X + Y + 1); % npuxnan ¢pyHxitii
mesh(X, Y, Z); % citka surf(X, Y, Z); % xonsopoBa moBepxHs shading interp; % mmaBHe
3abapBJieHHs colorbar;

KontypHni rpadiku: contour(X, Y, Z, 20); — 20 piBuiB contourf(X, Y, Z); — 3amnoBHEHI
KOHTYpH

I kopucHi ¢yHKuii: bar(x, y); — CTOBNYHMKOBI Jiarpamu (HampuKiaa, MMOBIPHICTh

OJIOKYBaHHS Ul PI3HMX HaBaHTaXXEHb) stairs(X, y); — CXOAMHKOBA (PYHKISA (11 KyMYJISTUBHHX
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posmnoximB) errorbar(x, y, €); — rpadik 3 moxubkamu subplot(2,2,1); — kigpka rpadikiB B OTHOMY
BikHi figure; — HOBe BikHO clf; — ouncTuTH MOTOYHE rpadivyHe BIKHO

36epexenns rpadika: print -dpng "graph.png"” -r300; % PNG 3 posainbaictio 300 dpi print -
depsc "graph.eps"; % nns myOumikariit

VY Scilab nogatkoBo € Xcos miis OJIOKOBHX jaiarpam, ajie i npoctux rpadikis plot ta surf
MpaLo0Th Maibke ineHTnyHo Octave.

VY kypci rpadika BUKOPUCTOBYETHCS TOCTIIHO:

moOy/noBa KPUBUX 3aTPUMKH VS HAaBAaHTA)KEHHS U1 PI3HUX THUIIIB YEpT;

ricrorpaMu 4acy o0CIyrOBYBaHHS Ta MKIIPUOYTTS;

- MOBEPXHI ONTUMAIIBHUX MapaMeTpiB (HaIpUKIIal, MOTYXHICTh VS BicTanb vs SINR);

- MOPIBHSHHS TEOPETUYHHUX (POPMYII 3 iIMITALIHHUME PE3yIbTATAMH.

["oyioBHE MPaBHJIO: 3aBXIW JIOJaBalTe MIiIIMKMCH OCEH, 3ar0JIOBOK, JIETEHJy Ta CITKY — I
pobuts rpadix mpodeciinum 1 3posyminum. [loumnaiite 3 mpoctux plot, motiM nomaBaiite
odopmiieHHs. Ha nmpakTUYHHUX 3aHATTAX BH OyneTe OynyBaTH IecsATKU rpadikiB came JUIsl aHaTi3y
MoOJIeNIel TEeNEKOMYHIKAI[IHHUX CHCTEM — [€ OJUH 3 HaWKpammuX CIOCO0IB 3pO3yMiTH, SK

3MIHIOIOTBCSI XapaKTEPUCTUKUA MEPEXi MPH 3MiHI TapaMeTpiB.

2.5. YucenbHe iIHTerpyBaHHs Ta qudepeHuiaabHi piBHAHHSA

UmncenbHe iHTETpYBaHHSA Ta PO3B’s3aHHS AU(EpeHLIaTbHUX PIBHSAHb — II€ JBa KIIOYOBI
IHCTpYMEHTH Ul MOJICIIOBAaHHS JHMHAMIYHUX TPOLECIB Yy TeJeKoMyHikalisx. bararo
XapaKTepUCTHK Mepex (cepelHs 3aTpUMKa, NPOMYCKHA 3AaTHICTb, EHEProCHOXXUBaHHS,
HMOBIpHICTh TOMMWJIKH) OOYMCIIOIOTHCS 4Yepe3 IHTerpajd, a MOBEAIHKa CHCTeM y daci (3MiHa
HAaBaHTA)XCHHs, MOIIMPEHHS CUTHANly, aJalTHBHI aJITOPUTMH) OMHUCYEThCS udepeHIiabHUMU
piBHaHHAMU. Y GNU Octave Ta Scilab i 3agadi po3B’si3yroTbcsi BOyAOBaHUMHU (QYHKIISMU, SIK1
JI03BOJISIFOTH LIBUJIKO OTPUMATH TOYHI HAOMM>KEeHHs 0€3 aHAJIITUYHOTO PO3B’SA3KY.

YucenbHe iHTErpyBaHHS

UucenbHe 1HTErpyBaHHS MOTPIOHE, KOJIU (PYHKIIIIO HE BAAETHCSA MIPOIHTErPYBATH aHAIITUYHO
a0o0 KoM JjaHi 3a/1aH1 TaOJUYHO (HANPUKIIaA, eKCIIEPUMEHTaIbHI BUMIPU CUTHAITY, Tpadiky).

Haiinpocrimmii meton — TpaneuianbHuil (trapz, cumtrapz). Bin npaitioe 3 HaOopoM TOYOK 1
He moTpedye aHamiTHuHOro BHpasy QyHkmii: x = 0:0.01:10; y = exp(-x."2); | = trapz(X, y); %
Habmxenuit iHTerpan Big 0 o 10 cumtrapz(x, y) — Aa€ KyMyJIATUBHUN 1HTErpan (KOpUCHUN Jyis
HAaKOMUYEHHs eHeprii curHany uu Tpadiky). Lle mBuakuii Meron, ajge MEHII TOYHMHA Ha rpyOux
CiTKaXx.

Jis TouHimIOro iHTerpyBaHHA (YHKIIN (KOMM € aHaJITUYHUHA BHpa3) BUKOPUCTOBYHTE

amantuBHI kBagparypu: Y Octave — quadgk (pekomennoBanmii, Gauss-Kronrod, mobpe mpamroe 3
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OCITMIIALIISIMA Ta HECKIHUEHHUMHM iHTepBanam#u), quad, quadl, quadce. [puxman: f= @(x) sin(x)./X;
% sinc-¢yukmis [, err] = quadgk(f, 0, pi); disp(I); disp(err); % err — oriHka HOXHOKK

VY Scilab — intg (anantuBHa kBamparypa, nogiona no quad): deff("y=f(x)","y=sin(x)/x"); I =
intg(0, %pi, f);

Jlns TabnuuHKMX JaHuX — inttrap (aHasor trapz): v = inttrap(x, s);

s nmoasiitHux/motpiiinux inTerpaiiB — dblquad, triplequad B Octave abo BkiageHi intg B
Scilab.

VY TeneKOMYHIKaIlisIX YUCEIbHE IHTErPYBAHHS 3aCTOCOBYEThCS IS

- 00YHCIICHHS CEPEHBOT MOTYKHOCTI CUTHATY (1HTErpajl KBaapaTa aMILIITyIN);

- po3paxyHKy WHMoBipHOcTi mommwiku (BER) depe3 iHTerpan mo raycciBCbKOMY
pO3MOIITY;

- OLIIHKY MPOMYCKHOT 3JaTHOCTI KaHaiy 3 IryMoM (interpain rno ¢popmyni lllennona);

- HAaKOMUYEHHA Tpadiky B ueprax.

Po3B’s13aHHs mudepeHiaTbHUX PiIBHSHD

JudepennianbHi piBHAHHS ONMUCYIOTH TWHAMIKY: 3MiHY CTaHy CHUCTeMH B 4aci. Y Kypci
Haifuacrime 3ycTpidaroThcs 3BHYaiHI audepennianpi piBHsHHA (31P) mepmoro mopsaxy ado
cuctemu 3/1P.

¥ Octave ocnoBHi consepu (cymicHi 3 MATLAB):

- Isode — wnacuunmii conmsep (Adams/BDF, no0pe miist sKOPCTKHX 1 HEKOPCTKUX
CUCTEM).

- ode45 — Runge-Kutta 4(5) Dormand-Prince, BUCOKOTOYHH#T JJIs1 HSKOPCTKUX 3a1ad,
3MIHHHUH KpOK.

- 0de23 — Runge-Kutta 2(3) Bogacki-Shampine, mBuamiuii, aie MEHII TOUHHA.

Cunrakcuc: function dydt = myode(t, y) dydt = -2*y + sin(t); % npukmnag: y' = -2y + sin(t)
endfunction

[t, y] = ode45(@myode, [0 10], 1); % Bix t=0 no 10, mouatkose y(0)=1 plot(t, y);

J71s1 5KOPCTKHUX CUCTeM (HAMPUKIIAJ, IIBUIKI TIEPEX1aHI MPoIlecH B Mepexax) kpaiie odelSs,
0de23s.

VY Scilab ocuoBumit comsep — ode: function dydt = myode(t, y) dydt = -2*y + sin(t);
endfunction

y = ode(1, 0, tspan, myode); % y0=1, t0=0, tspan — Bektop 4acy plot(tspan, y);

Scilab Takox miarpumye tumm: "adams" (Hexopctki), "stiff" (;kopcerki), "rk" (Runge-Kutta),
"bdf" Tomo. st sxxopcTkux — dasrt, daskr (DAE 3 Hynb0BUMHU TIepexoaaMu).

VY TenexoMyHiKalisx AudepeHIianbHi PIBHIHHSA MOACTIOIOTH!

- MOIIKMPEHHsI curHany B kaHaui 3 fading (qudepenuianbH1 piBHIHHS 1715 aMILTITYIN);
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- muHaMiky yepr (fluid-flow momemi: dg/dt = arrival rate - service_rate);

- a/IalITUBHE PETYIIOBAHHSI MOTYXHOCTI 200 MIBUAKOCTI TIepeayi;

- MOJieNli pyXy aOOHEHTIB y MOOUIBHHX Mepexax (Hampukiaa, piBHSHHI PyXy 3
BUIIAIKOBUMH TIPUCKOPEHHSMH ).

[Mopanu mist Kypey:

- [Tounnaiite 3 ode45 (Octave) abo ode 3 tmmom "adams"/"rk" (Scilab) — BoHum
HailyHiBepCaIbHIIIi.

- 3aBxau ¢ikcyiTe seed 1151 BATIAAKOBUX 30ypEHb.

- [lepeBipsiiiTe TOYHICTh: 3MEHIIYHTE KPOK, MOPIBHIOWTE 3 aHAIITUYHUM PO3B’SI3KOM
JUTS IPOCTUX BUITAJIKIB.

- BukopucroByiite rpadiky s Bizyanizanii: plot(t, y) mOKa3ye eBONIOLI0 CTaHy.

Li iHCTpYyMEHTH — OCHOBA JJI1 MOJEIIOBAHHS JUHAMIYHUX CHCTEM 1 Mepex y TeMax 3 1 4.
Ha mnpakTuuHux 3aHATTSX BU Oyaere po3B’si3yBaTH caMe Taki 3afadi: 1HTErpyBaTH (QyHKIIT
HMOBIpHOCTEH, MOJCIIOBATH IWHAMIKY Yepr YM TOIIMPEHHs CUTHalTy B yaci. OcBOIiBIIM iX, BU
3MOXKETE TEPEXOTUTH BiJ MPOCcTUX (OpMYJT 10 MOBHOLIHHHMX IMITaliHHUX MOJeNeill pearbHuX

TEJIEKOMYHIKaliHHUX TPOIIECIB.

21



Tema 3. Moae/l0BaHHA CHCTEM Ta MEpeK

3.1. I[IpuHuunu nody10Bu MojeJ1ei

[ToGynoBa Mozeni — 1ie He MPOCTO 3aIUC PIBHSIHb YM HANKCAHHS KOy, a CUCTEMaTHYHUI
nporec, SKUM J103BOJISIE a[eKBATHO OIMCATH PEalbHY CUCTEMY (HANPUKIAA, TeICKOMYHIKAIiiHY
MEpEexKy, 4epry B 0a30Bili CTaHIlii, KaHAJ 3B’ 3Ky 3 MEPEIIKOAAMHI) TSl aHAITI3Y, TPOTHO3YBAaHHS YU
onTuMizamii. Y Bammii cHemiagabHOCTI MPUHIMIN TMOOYAOBH Mojelield 0COOJMBO BaKJIUBI, 00
peanbHi Mepexi 4G/5G/6G, ToT-cuctemu yn SDN MaroTh BeIMUYE3HY CKIIAJIHICTh, BUTIAAKOBICTD 1
JTMHAMIKY, TOMY HEIIPaBUIIbHA MOJIEJIb MOKE TIPU3BECTH /IO XMOHMX BUCHOBKIB.

OcHOBHI IpUHIMIK TOOYA0BU MOJENEH, sKi BH OyJieTe 3aCTOCOBYBATH MPOTATOM YCi€l TeMU
3 1 Ha IPAKTUYHMX 3aHATTAX:

1. [TpuHnun amekBaTHOCTI (BIAMOBIAHOCTI peanbHOCTi). Moje/Ib MOBUHHA JOCTATHBO
TOYHO BiJTBOPIOBATH Ti BIACTHUBOCTI 00’€KTa, sIKi BAXKJIMBI JUIs MTOCTaBIeHOI 3aa4i. He motpiOHO
MOJICIIIOBATH BCE JI0 HAWAPIOHIMMX JeTayiell — e HEMOXJIMBO i HemoTpiOHOo. Hampuknan, skmo
BaC IIKaBUTh CEepeAHs 3aTpUMKa MaKeTiB y Mepexki, He 00OB’S3KOBO MOJEIIOBATH KOXKEH OiT
CUTHAJIy, JOCTaTHBO OIIMCATH Yepry Ta PO3IOJALa Yacy oOCIyroByBaHHs. AJle SKIIO 3ajaya — aHaji3
iHTepdepentii B 5G, To Tpeba BpaxoByBaTH pO3TAIIyBaHHS aHTEH, YaCTOTHI CMYTH, TUI MOYJISIII1
ta fading. AnekBaTHICTh MEPEBIPAETHCS HA €Tari BaliJallii: MOPIBHAHHAM 3 pealbHUMH BUMIipaMu
abo0 BIJOMUMHU pe3yIbTaTaMH.

2. [Tpuniun HeoOxiaHOT MOBHOTH. MoJiesib MOBMHHA BKIIOYATH BCl CYTTEB1 (hakTOpH,
10 BIUIMBAlOTh HA BHXIJAHI TOKAa3HUKH, 1 ITHOPYBaTH HECYTTE€Bl. BH3HAYUTH «CYTTEBICTH»
JloTIoMarae aHalli3 4yTJIMBOCTI: SIKIIO 3MiHa rnapamerpa Ha 10% 3MiHIO€ pe3yapTaT MEHIIE HIK Ha
1%, Horo Mo’KHa CIPOCTUTHU. Y TEJNEKOMYHIKAIliAX TUIOBI CYTTEBI (aKTOPH: IHTEHCHUBHICTb
Tpadiky, po3mOJI Yacy MK MaKeTaMH, TUI YeprH, MPONYCKHA 3aTHICTh KaHally, MMOBIPHICTh
MMOMMJIKM, MEXaHI3M IOBTOpHOi meperaui. HecyTTeBi Ha mepiioMy erami: MIKPOCKOIIYHI AeTail
¢13uuHoro mapy (sxmo He moaentoemo BER Ha piBHi OiTiB).

3. ITpunnun iepapxiyHocti. CKJIAQAHI CHUCTEMH MOJENIOIOTh HA PIZHUX PIBHAX
abcTpaxirii:

- KOHLENTYyalbHUI piBeHb (OJ0K-cXeMa: JKepesio — KaHall — IpuiiMad — 3aBajia);

- (GyHKIIOHANTBHUH piBEeHD (1110 caMe POOUTH KOXKEH OJIOK);

- CTPYKTYpHUH piBeHb (KOMIIOHEHTH Ta 3B’ SI3KH);

- JIeTani30BaHui piBeHb (MaTeMaTH4HI piBHAHHS, allTOPUTMH, TapaMeTpu). Y Kypci BU
MOYMHAETE 3 KOHIENTYyadbHOI MOJIeNl (HApHKIIaj, cucTtemMa 3 ueproro M/M/1), moTim nepexoaute

no matematuuHoi (popmynu Kennamia) abo imitamiiinoi (kox B Octave/Scilab).
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4, [Mpunnun  npekommoswuiii. CkiagHy CcUCTEMy poO30MBalOTh Ha  MIJACHUCTEMH,
MOJICITIOIOTh OKPEMO, a MOTiM 00’ enHytoTh. Hanpukian, Mepexa 5SG: criouaTKy MOJIEIIOEMO OJIUH
ocepelok (uepra + KaHai), TOTIM KiTbKa ocepenakiB 3 handover, mOTiM BCIO Mepexy 3
iHTepdepentiero. Lle monermnye nepeBipky Ta HaJIaroKCHHS.

5. [Ipunnun OamaHCy MK TOYHICTIO Ta CKJIAQJHICTIO. UMM TOYHIINIA MOJETh, THM
CKJIaJHINA, JIOBIIE OOYHCIIOEThCS W Oulblie TapaMerpiB  MOTpPiOHO  oOIliHIOBaTH. Y
TEJIEKOMYHIKaI[isIX 4acTO BUKOPUCTOBYIOTH AHAJITHYHI MOJeN i IMBUAKOI ouiHku ((opmyna
Epnanra s iiMoBipHOCTI G10KyBaHHS), a JUIs CKJIAHUX CIieHapiiB — imitamiiai (MonTte-Kapio).
bananc 3HaxoJsATh EKCIEPUMEHTAJIbHO: MOYMHAIOTH 3 MPOCTOI MOJEINi, JOJAI0Th JeTalli, MOKU
moxuOKa He cTaHe MPUWHSATHOIO.

6. [TpuHIMIT CTOXaCTHYHOCTI ISl pEATBHUX CUCTEM. BUTBIIICTh MPOLIECiB y Mepexax —
BUIIQJKOBI: MPUXIJ MaKeTiB (IIyacCOHIBCBbKHil), yac OOCIYroByBaHHs (€KCIOHEHIIaTbHUN abo
BaKKOXBOCTOBHI), 3aBaJiy, pyXH KOPUCTYyBadiB. TomMy OUIBLIICTh MOJAENEH Y KypCl — CTOXaCTHYHI:
BUKOPHUCTOBYIOTH rand, randn, poissrnd, grand juist reHepartii moaii.

7. [Mpunmun  itepatuBHOCTI Ta Bepudikamii. I[loOdymoBa Momemi — [e MK
KOHIIETITyaJbHa MOZENh —> MaTeMaTHyHa — peaji3alis — OOYMCIeHHS — TIOPIBHSHHA 3
pealibHICTIO — yTOYHEHHA. Ha KO)KHOMY KpOlli IepeBipsAI0Th: YU MPABUIBHO peai3oBaHa MOJEIb
(Bepudikarrisi), yu aJleKBaTHa peaabHOCTI (Bamigaiis). SKIo pe3yabTaTu CHIBHO BiAPIZHSIIOTHCS —
MIOBEPTAIOTHCS HA3a/1: 3MIHIOIOTh IPUITYIICHHS, T0AI0Th (PaKTOPH, YTOYHIOIOTH PO3TOILITH.

Y KOHTEKCTI TEeNEeKOMYHIKallIHHUX CHCTEM 1 MEpEX THUIOBa MOCIIIOBHICTh MOOYIOBU
MOJIeTIi BUTTISTA€E TaK:

- Busnaunutu MeTy (Hanmpukiaa, OIIHUTH 3aTPUMKY NpU HaBaHTaxkeHHi 0,8 epnanra).

- 3i0pat nmaHi npo cucteMy (Tun Tpadiky, NapaMeTpu KaHaly, AMCLHUILIIHA
00CIIyrOBYBaHHS).

- [ToGynyBaT KOHLENTyallbHY MOJENb (IDKepeiao MakeTiB — uepra — cepBep —

BHIX1]T).

- Bubparu tun wmogent (aHamithyHa M/M/1  um  iMiTaniiiHa 3  pealbHUMHU
PO3MOALIAMH).

- 3anucaTy MaTeMaTUYHY [TOCTAHOBKY (piBHSAHHS, TApaMETPH).

- PeanizyBatu B Octave/Scilab (reneparis Tpadiky rand, nukian imiTamii, oGunciIeHHs
CTaTUCTHUKH).

- [IpoBectu excriepuMeHTH, TOOYIyBaTH rpadiku.
- IlepeBiputu afekBatHiCTh (opiBHATH 3 hopmynoro [Tomnavexka—Xinuuna s M/G/1

abo 3 iTepaTyporo).
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I{i mpuammnu — ¢yHaaMeHT TeMu 3. BOHU 3aCTOCOBYIOTBCS 0 BCIX BHIIB MOJICTIOBAHHS:
JIOTiKO-apu(PMETUYHOTO, TUHAMIYHOTO, MPHUKIAJHUX CHCTEM 1, TOJIOBHE, TEIIEKOMYHIKAI[IHHUX
Mepek. Ha mpakTUyHHX 3aHATTAX BU Oynaere OyAayBaTh MOJENi caMme 3a IUMHU TPaBHJIAMHU: Bij
MPOCTOI Yepr JO CKJIAJHOI iMiTallii Mepexi 3 BHITAJKOBUMH IMPOIECaMHU. SIKIO JOTPUMYBATHCS
IUX MPHUHIIMITIB, Ballla MOJICIb OyJie HE IMPOCTO «IIPAIFOI0OYUM KOJIOMY», & HaIIHHUM 1HCTPYMEHTOM

JUISL aHAJTi3y Ta ONTHMI3alii peaJbHUX CUCTEM 3B’ S3KY.

3.2. Jloriko-apu¢gMeTu4He MOJAETIOBAHHS

Jloriko-apuMeTnyHe MOJIEITIOBAHHS — II€ METOJ ONMUCY CHCTEM, SIKUW IMOENHYE JIOT1uHI
YMOBH (SIKIIO-TO, TIEPEMHUKAHHS CTaHIB, NPUHHATTA PIlICHb) 3 apUPMETUYHUMHU OOUYHCICHHSIMU
(popmynu, piBHSHHS, HAKONWYCHHS 3HAYCHB). Y TEJICKOMYHIKAIisIX MW MiAXiT OCOOIHBO
KOPHUCHMIA ISl MOJIEIOBAHHS CUCTEM 3 JUCKPETHUMH MOJISIMHU, Yepramu, MPOTOKOIAMHU Iepenadi
JaHUX, MeXaHI3MaMH YIOPaBIiHHSA JOCTYIIOM, TIOBTOPHUMHU TIiepeJayaMd Ta aJIallTUBHUMU
QIrOpuTMaMH — TOOTO TaM, /i€ MOBEIiHKAa CUCTEMH 3aJeKHUTh BiJ KOMOIHAIli JIOriYHUX YMOB 1
YHCIIOBUX MTapaMeTpiB.

Ha BigmiHy Bif 9#WCTO aHAMITUYHHUX Mojelel (Hanpukiian, ¢Gopmymu Eprnanra), jnoriko-
apudmeTnyHi MOJeNl He HaMararoThCs OTPUMATH TOTOBY (OpMyny IUisl BCIX BHIAJKIB. 3aMiCTh
[[bOTO BOHM ONHCYIOTH IMpaBWiIa POOOTH CHUCTEMH B SIBHOMY BUTIJIAMI, a MOTIM peali3yloTh i
npaBuia B kofi (Octave/Scilab), BUKoHyrOUM iMiTaIlifo KpoK 3a KpokoM. Lle poOuTh ix rHyuyKumMu
JUISL CKJIQJIHUX, HEJIIHIMHUX 1 YMOBHMX IPOILECIB, sIKI HEMOKJIMBO ONMCATH OJIHUM PIBHSHHSM.

OCHOBHI €JIeMEHTH JIOT1KO-apU(PMETUIHOTO MO/IETIOBAHHS:

- Cranu cucremu. Cucrema nepeOyBae B OJHOMY 3 YITKO BH3HAYEHUX CTaHIB
(HampuKIaa, «KaHall BUIBHHIY, «KaHal 3alHATHN mepenaueio», «ouikyBaHHsS ACK», «moBTopHa
nepeaayday). [lepexia Mix cTaHaMU BIIOYBAETHCS 32 JJOTTYHUMU YMOBAMH.

- ITonii. JIMCKpeTHI MOMEHTH 4Yacy, KOJM IIOCh 3MIHIOEThCS: NPUOYTTS NakeTa,
3aBepIleHHs repeayl, TaiM-ayT, IOMUJIKA B KaHaJ1, HaJIXO/DKEHHS IMiITBepKEHHS.

- Jloriuni yMoBH. SIKIIO-TO KOHCTPYKIUIi, SIKI BH3HA4alOTh, 110 POOUTH B KOXKHIH
cutyamrii. Hanmpuknan: sxmo Oydep moBHuUM — makeT Binkupaerbes; sikmo SINR > mopory —
BUKOPHUCTOBYETHCS BUILA MOAYIALIS; Ko orpuMano NACK — 3amyckaeTscsi MOBTOpHA Mepeaya.

- Apudmernuni onepariii. OOUUCIEHHsS Yacy OYiKyBaHHs, HAKOIMUYEHHS CTaTHUCTUKU
(KUIBKICTh TEpeJaHNX MaKeTiB, CyMapHa 3aTpPUMKa, KUTbKICTh TOMHJIOK), OHOBJIEHHS JIIYMJIbHHUKIB,
PO3paxyHOK MOTOYHOI TPOITYCKHOI 3IaTHOCTI.

- Yac. MopentoBaHHs 4yacy MOKe OYTH JUCKPETHUM (KpOKHU (hiKCOBaHOT TPUBAJIOCTI)

abo TMOi€BO-OpIEHTOBAHUM (yac cTpubae 10 HACTYHMHOI Mojii). Y TeleKOMyHIKallisfX yacTilie
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BHKOPHUCTOBYIOTh TIOJII€EBO-OPIEHTOBAHY IMITaIlil0 — 1€ €(PEeKTUBHINIE I MEpPEX 3 HHU3BKOIO
IHTEHCUBHICTIO TOIiH.

TumnoBuil npukIan Joriko-apugMeTHaHoi MOJelNi B TEICKOMYHIKAIIsX — iMiTaIlisl MpoCTOi
cuctemu 3 uyeproro Ta ARQ (Automatic Repeat reQuest):

- Cranm: idle (BinpHHME), transmitting (mepemada), waiting ack (o4iKyBaHHS
HiATBEPKEHHS), retransmitting (oBTOp).

- [Monii: arrival (mpuOyTTst HOBOrO MakeTa), end transmission (3aBepIICHHS mepeaadi),
timeout (Taiim-ayT), ack received, nack received.

- Jlorika: sSIKIIO KaHaJl BUILHUM 1 € TIAKET Y Yep31 — MepeTH B transmitting, 3anmyCTUTH
Taiimep mepenaui skmo orpumaHo ACK — Bumanutu maker, nepeitd B idle skmo otpumaHo
NACK abo TaiiM-ayT — mepeiTu B retransmitting, 301IbIIATH JIIYMIBHUK ITOBTOPIB SKIIO KiJIBKICTH
MOBTOPIiB > max — BIJKUHYTH MaKeT

- ApudmeTrka: HAKONMYYyBAaTH CYMapHHUH 4Yac OYIKYBaHHS, KUIBKICTh YCHIIIHUX
nepenay, KiUIbKiCTh MOBTOPIB, OOUMCIIIOBATH CEPEAHIO 3aTPUMKY SK CyMapHHMH 4ac O4YiKyBaHHS /
KUTBKICT MAKEeTiB.

VY koxi me peanmizyeThecsi yepe3 nukia while abo for 3 moTouHuM Yacom t, 4eproro mojin
(event queue), TeHepalli€r0 uYacy HACTYMHOI mofii 3a gomoMoror rand (eKCrOHEHIaIbHUN
po3moia s mpuOyTTs, PiKcoBaHMI a00 BUITAIKOBUH AJIs IEpeaayi).

[TepeBaru soriko-apu(pMeTHIHOTO MiAXOTY B KypCi:

- JHo3Bomnsie MmogemtoBatu peanbHi nporokoau (ALOHA, CSMA/CA, TCP, HARQ y
5QG) 6e3 crpoleHb, SKi NOTPiOH1 A AaHATITUYHUX (POPMYIL.

- Jlerko nojaBaTH HOBI YMOBHM (HampuKkiaJ, oOMexeHHs Ha Oydep, mpiopuTeTH,
handover, iaTepdepeHirito).

- HoOpe moeanyetbest 3 MetogoM MonTe-Kapro: Gararo peanizariii 3 pisaumMu seed
Jal0Th CTATUCTHYHI OL[IHKU 3aTPUMKH, IIPOMYCKHOI 3/1aTHOCT1, HUMOBIpPHOCTI BTpaTH.

- Pesynbprar — He ojfHa opMyIa, a po3MoJIiT MOKAa3HUKIB, FCTOIPaMH, 3aJI€KHOCTI BiJl

napameTpis.

Henomiku:

- [ToTpeOye Oinblne yacy Ha OOYHMCIEHHS, HI’K aHATITUYHI MOJIEI.

- ITorpiOHa petenbHa Bepudikallis (mepeBipka Ha NMPOCTHUX BUMAJKaX, A€ € TOYHA
dhopmyna).

- Kox Moxe cratu ckilagHUM, TOMY BaXJIMBO CTPYKTYPYBAaTH HOro: okpemi QyHKIii
JUIs TeHepallii mofii, o0poOkH cTaHiB, 300py CTATUCTHKH.
VY npakTHYHUX 3aHATTAX BU Oyzaere OynyBaTh came Taki MOJENI: IMITAIll0 4Yeprd 3

Brpatamu (M/M/1/K), cnoroBanoi ALOHA, npoctoro ARQ, Mozeni 3 BunaaikoBUMU NOMUIIKaMH B
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ka”am. KoxxHa MoJieis MOYMHAETHCS 3 OMKCY CTaHiB, TOJIA 1 TpaBWI Mepexoay (JIOTika), MOTIM
NEPEeXOAUTh 0 KOIy 3 LUKIaMH, yMoBamH if 1 HaKONMWYeHHSM cTaTUCTHKU (apudmeruka). Lle
OCHOBA Il PO3YMIiHHS, SIK TPAIIOIOTh PeajbHI TEJIEKOMYHIKAIliiHI CHCTEMH Ha piBHI HOJIH 1
pillieHb, @ HE TUIBKM CEpeIHIX 3HadeHb. [IiCiIsI OCBOEHHS JIOTIKO-apU(METUYHOTO IIIXOIy BHU
3MO’KETE MOJICIIOBATH 3HAYHO CKJIQJHIII MPOIECH, HIXK JO3BOJISAIOTH KJIACHUYHI (OpMYyNH Teopii

MacoBOT0 0OCITyrOBYBaHHS.

3.3. MoaesiroBaHHA JHHAMIYHHX CHCTEM

JlnHaMI4HI CHCTEMHM — II€ CUCTEMH, CTaH SKHUX 3MIHIOETHCS B Yacl MijJ] BIUIMBOM 30BHIIIHIX 1
BHYTpIIIHIX (akTopiB. VY TENEKOMYHIKALIAX MaiXKe BCi peajbHI 00 €KTH € IMHAMIYHUMHU:
HAaBaHTAXCHHA B MEPEXi 3MIHIOETbCS TPOTATOM JI0OM, KUIBKICTh AaKTHBHHUX KOpPHCTYBadiB
KOJIMBA€EThCS, MOTYKHICTh curHany majae yepes3 fading, handover BinOyBaeTbes npu pyci aboHeHTa,
aJlaTHBHI QJTOPUTMHU 3MIHIOIOTH MOJAYJILIIO Ta KOAYBaHHS B peajlbHOMY uaci. MojearoBaHHS
JUHAMIYHUX CHCTEM JO03BOJI€ MPOTHO3YBAaTH MOBEIIHKY TaKWX MPOIIECIiB, OLIHIOBATH IMEpeXiTHi
PEeXUMU, CTaOIIBHICT 1 ONTHUMI3yBaTH IMapaMeTpPH.

VY Kypci AMHAMi4HI CUCTEMH MOJICTIOIOTHCS JBOMA OCHOBHUMH MiAXO0JIaMH: HENEPEPBHUMHU
(mudepeHIianbHUIMU ~ PIBHIHHSAMH) Ta JUCKPETHUMH (TIOJII€EBO-OPIEHTOBAaHMMHU a00  yac-
auckpeTHuMU MozensimMu). O6uasa migxoau peanizyotbest B GNU Octave ta Scilab, 1 Bu Oyzaere
BUKOPHCTOBYBATH iX HA MPAKTUYHUX 3aHATTSIX.

HenepepsHi quHamiuni Mozeni (AudepeHiianbHi piBHIHHS)

Haifuacrime BUKOpUCTOBYIOTbCS 3BHMYaiiHI au¢epeHuianbHi piBHAHHA (3P) mnepmoro
nopsaky ado cuctemu 3/IP. Bonu onucyoTh MBUAKICTh 3MIHU CTaHY CUCTEMH.

[Tpuxnanu 3acTOCyBaHHS B TEIEKOMYHIKAIISAX:

- Fluid-flow momens uepru: dg/dt = A(t) — u(t), me q — noBkuHA uepru, A(t) —
IHTEHCUBHICTb MPUOYTTS, |U(t) — IHTEHCUBHICTH OOCITYTOBYBaHHS.

- JluHamika MOTYKHOCTI IepeAaBada B aJlalTUBHOMY KOHTPOJI MOTYXHOCTI (power
control): dp/dt =k - (SINR_minboBuit — SINR noTounmit).

- 3MiHa KUTbKOCTI KOPUCTYBauiB y ocepenky: dn/dt = mpuOyrrst — Binxin — handover.

- Mogneni nomupeHHs curHainy B kaHaii 3 Rayleigh fading (piBHAHHS 111 oruHaro4oi
aMILTITY/IH).

VY Octave/Scilab e po3B’sizyetbest dyHkmisimu ode45, ode23, Isode (Octave) ab6o ode
(Scilab). Ilpuknag mnpocrtoi Moneni uepru 3 3MIHHUM HaBaHTaxeHHsM: function dq =
queue_dynamics(t, g) lambda = 5 + 3sin(0.5t); % 3minHe HaBaHTaXeHHS mu = §8; % MOCTilHA
MBHJIKICTE 0o0ciayroByBanHd dq = lambda - mu * (q > 0); % skmo dYepra mopoxHs — He

obcmyroByemo endfunction
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[t, q] = oded45(@queue dynamics, [0 100], 0); plot(t, q); title("Ilunamika noBxuHu yepru');
xlabel("Yac"); ylabel("KinpkicTh makeris");

Taka Momenp MoKasye, sIK yepra HAKOMUYYEThCS B MEPIOAM MKy Ta CHOPOXKHIOETHCS B
MIePIO/IN CIIay.

JluckpeTHi quHaMIYHI MOJEITi

BinbIIicTh TENEKOMYHIKAI[IHHUX TPOIECIB Kpalle MOJAETIOBATH TUCKPETHO, 00 momii
(mpuOyTTs MaKeTa, 3aBEpILICHHS Nepeayi, TOMHIIKA) BiI0OYBAIOTHCS B OKPEMI MOMEHTH 4acy.

Buau nguckpetHux monaenei:

1. Yac-nuckpetHi (¢ikcoBaHUil KpoK yacy At): Ha KOXKHOMY KpOIl TEPEBIPSIOTHCS
YMOBH, TeHepyloTbcs moxii. I[ligXomuTh Ui CHHXPOHHHMX CHUCTeM (HampHUKiIaj, CIOTOBaHI
npotokonu sik TDMA a6o slotted ALOHA).

2. [TonieBo-opientoBani  (event-driven): 4wac cTpubae [0 HACTyNHOI MOl
HaliedexkTuBHImMN a7 Mepek 3 HU3BKOI IHTEHCUBHICTIO Tpadiky. BukopucroByeThcs B
OLIBLIOCTI IMITAIIHHUX MOJIETIeH KypCy.

[TonieBo-opieHTOBaHa MOAENb OYyAyeThCS 3a NPUHIUIIAMHU JIOTIKO-apU(PMETHUIHOTO
MO/ICITFOBAHHSI:

- Cnmcok nopii (event list) — yepra 3 4acom 1 TUIIOM IO/Iii.

- [Toroynuii yac t.

- Cranu cuctemu (IOBXKMHA Yepru, CTaH KaHaly, TaliMepu).

- I'enepariis yacy HacTyNmHOI MOJIT (HapUKiIal, A MyaCCOHIBCHKOTO MOTOKY: At = -
log(rand()) / A).

[Tpuknan CTpyKTypH KOy JUIs MOJII€BO-OPIEHTOBAHOI MoJieni npoctoi uepru M/M/1:

- [nimamizamis: t = 0, yepra nopokHs, KaHaJ BUIbHUH.

- Huxn while (kinbkicts moait <N abo t <T max):

- 3HalTH HalOMKYy Mo/t (MpUOYTTS ab0 3aBeplIeHHs 00CIYrOBYBaHH).

- OnHoBuUTH t 710 Yacy Mofii.

- OO6poOuTH MoAit0: SIKIIO NPUOYTTS — JOJATH MAKET Yy Yepry, sIKIIO KaHaJl BUIbHUM —
moyaTu OOCITyrOBYBaHHs, 3alUlaHyBaTH 3aBEpIICHHS 4Yepe3 eKCIOHEHIIaJbHUKA dYac. SKIIO0
3aBEpILEHHS — BUJIAIIUTH MTaKET, OHOBUTH CTaTUCTUKY 3aTPUMKH, SKILO Yepra He MOPOKHS — OYaTh
HACTyITHUH.

- 30upaTH CTaTUCTUKY: CYMapHHMM 4yac OYIKyBaHHS, KIJIbKICTh BIJIIPABICHUX MAKETIB,
4ac 3alHATOCTI cepBepa.

Takuii miaxig 103BOJIIE TOYHO MOJICTIOBATH BHIAJIKOBI IMpolecu 0e3 (hiKCOBAaHOTO KPOKY
qacy, EKOHOMJITYM 0OYHUCIIIOBAIbHI PECYPCH.

3acToCcyBaHHS B TEJIEKOMYHIKAIIIsSIX
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VY Kypci BU MOJCIIOETE TUHAMIYHI MPOIECH:

- 3MiHy HaBaHTXEHHS B MeEpexXi NpoTaroM a006M (CHUHycoiganbHe a0 peanbHE
Tpadik-mpodisb).

- [TepexigHi pexuMu mMiCHs 3MiHM TapaMeTpiB (HApHUKIAA, TICHs 301IbIICHHS
KUTBKOCT1 KOPHCTYBaviB).

- AnantuBHi wMexanismu: 3miHa MCS y 5G 3amexno Big SINR, koHTpOIb
nepeBaHTaXkeHHs (congestion control).

- Jlunamiky yepr y By3iax mepexi (0ydep poyrepa, uepra B 6a30Biil cTaHIlii).

- Mo06ibHICTB: TpaekTOpii KopucTyBadiB, handover, 3MiHa ocepenky.

[TepeBaru AMHAMIYHOTO MOJICITIOBAHHS:

- BpaxoBye nepexinHi mporecu, e aHadiTHYHI (GopMynH (CTalliOHAPHUN PEXHUM) HE

MPALOOTh.
- Jlo3BoJIsie 0aUNTH KOJIMBAHHS, IIKH, HECTAOLIbHICTD.
- Jlerko A0ar0THCS HENIHIKHOCTI, YMOBHI MEPEXO0AU, BUMIATKOBI (aKTOPH.
Henomiku:

[TorpeOye Oinble yacy 0OYMCICHB.

- Pesynbrar — He Qopmyna, a Habip TpaekTopid, TOMy MOTPiOHI OGaraTo peanizariii
(Monre-Kapiio) 11 CTaTUCTUKH.

Ha mpakTnyHuX 3aHATTSIX BH OyJeTe MOEIHYBAaTH OOM/BA MiAXOIU: HETIEpepBHI MO s
fluid-anamisy 4epr i momieBo-OpieHTOBaHI I TOYHOI iMiTaIlil mMPOTOKOMiB. [Ticjast OCBOEHHS IUX
METO/IIB BU 3MOXKETE MEPEXOJUTH J0 MOJETIOBAHHS MOBHOI[IHHUX TEJICKOMYHIKAIIMHUX MEpex 3
OUHAMIYHUM TpadikoMm, MOOITBHICTIO Ta aJamnTaii€l0 — II€ OCHOBa /s peaJbHUX 3ajad

MIPOEKTYBaHHS Ta ONTUMI3allli CUCTEM 3B’ SI3KY.

3.4. MoaeoBaHHs TeJIEKOMYHIKALIHHAX CHCTEM Ta Mepex

MogenoBaHHSI TEJIEKOMYHIKALIMHUX CHCTEM Ta MepeX — 1€ IEeHTpajlibHa YacTHHA
JUCHUIUIIHU JUIs Baoi cnerianbHocTl 172 «EnekTpoHHI KOMyHIKAIT Ta pajgiorexHika». Came TyT
MOETHYIOTHCSL BCl MMOMEpeAHl TeMH: MaTeMaTH4yHI MOJedl, KOMIT'IOTEpHE NpOorpaMyBaHHS B
Octave/Scilab, moriko-apudmMeTHuH1 TiAX0AM, CTOXACTUYHI MPOIIECH, TUHAMIYHE MOJIETIOBAHHS Ta
onTuMizaris. Mera — OTpUMAaTH KIJBKICHI OIIIHKU KJIIOYOBUX MOKa3HHKIB sSKOCTI (QoS, QoE):
3aTpUMKa, TPONYCKHA 3/aTHICTh, HMOBIPHICT, BTpAaTH IIaKeTa, WMOBIPHICTh OJOKYBaHHS,
€HEeprocroXXKUBaHHSI, TOKPUTTS, 1HTEp(epeHIis, HAIHHICTh TOLIO.

TenexoMyHiKaIliifHi CHCTEMHU Ta MEpeXi MOAEIIOIOTh Ha PI3HUX PIBHAX a0CTpaKIlii, 3aJI€XKHO

BIJ 3a1a4i;
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1. ®iznunnii pieb (PHY) MopnentoBanHs TomMpeHHsS CUTHaTY, BTpAaT Ha Tpaci,
fading (Rayleigh, Rician, Nakagami), intepdepenuii, mrymie (AWGN), monymsuii, KoxyBaHHS,
MIMO. Tunosi mopeni:

- nerepminoBadi (free space path loss, Okumura-Hata, COST-231);

- croxactuuHi (shadowing 3 JOTHOpMaNTbHUM PO3MOALIOM, OaraTompoMeHEBe
MOILIMPEHHS);

- imiTaniini (reneparis Rayleigh fading 3a momomororo Jakes-mozneni abo ¢inbrpa 3
kopemsniero). Y Octave/Scilab e peami3yerbcs depes reHeparito randn s mrymy, oOYHMCISHHS
SINR =P-G /(N + I), BER uepe3 Q-¢pynkiito abo Monte-Kapio.

2. Kananpuuii piBear (MAC) MogentoBanHs noctyny no cepemoBumia: ALOHA,
slotted ALOHA, CSMA/CA (Wi-Fi), TDMA, FDMA, OFDMA (LTE/5G), HARQ, ARQ. Kirouosi
nokazHuku: throughput, collision probability, backoff-anroputmu, eneproehekTUBHICTb.
Haityacrime — nmogieBo-opi€eHTOBaHA IMiTallisl: TEHEPYEMO MPUOYTTS MaKeTiB (poisson), CJIOTHU Yacy,
nepeBipka Koi3ii, moBropHi nepenauyi. [Ipuknan: slotted ALOHA — iimoBipHicTs ycmixy G-e(-G),
MakcumyMm 1/e = 0.368 mpu G=1.

3. PiBens mepexi (NET) MopemtoBanHs MapmipyTH3allii, 4epr y BY3Jax, yInpaBliHHS
nepeBanTaxeHHsAM, handover y MmoOinpHuX Mepexkax, SDN/NFV. Tunosi moneni:

- yepru M/M/1, M/M/k, M/G/1, G/G/1, uepru 3 BTrparamu M/M/k/k (Epnanr B), 3
geproro M/M/1/K (Epnanr C);

- MepexeBi rpadi (shortest path, Dijkstra, OSPF, BGP);

- fluid-flow momeni i Benukux Mepex (AudepeHiianbHi piBHIHHS ISl TIOTOKIB). Y
iMiTalii: yepru makerTiB, reHepauis Tpadiky (rand i1 EKCIMOHEHIAJIBHOTO MIKIPUOYTTS),
oOuucneHHs 3aTpuMkH 3a [lomnauexkom—XiHunHoMm a6o Monte-Kapuo.

4. TpancnoprHuii Ta npuxnagauil pisHi MonentoBanns TCP (reno, cubic, BBR), UDP,
QUIC, noroxosoro Bifeo, VolP, loT-tpadiky. Kintouosi acnextu: congestion window, RTT, packet
loss, retransmission timeout, jitter. Yacto — ribpuani moaeni: TCP-moaynp + HUKY1 piBHI.

S. Cucremuuii piBenb (end-to-end) IloBHa Mepeka: 0a30Bi cTaHIli, core-Mepexa,
KopucTyBadl 3 MOOUIBHICTIO (random waypoint, Gauss-Markov), Tpadik-mikc (web, video, VoIP).
ITokasuuku: E2E delay, packet delivery ratio, handover success rate, energy per bit, spectral
efficiency. 3a3Buuaii imitariiini Mmozeni 3 Mounte-Kapio (Tucsui peanizariiii 1 CTATUCTUKH).

OCHOBHI IHCTPYMEHTHU MOJIEITIOBAHHS B KypCi:

- Anamituuni (ans npoctux Bumazkis): ¢dopmynu Epnanra, Kenpamna, Ilomnagexa—
XinuuHa, [llennona, gpeitmBopk Little’s Law (L = AW).

- ImiTamiitai (OCHOBHMIA METO AJIsl CKJIAIHUX cHcTeM): MeToa MouTe-Kapio, moaieBo-

opieHTOBaHa cumyJsiis, fluid-anpokcumarris.
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- ["OpumHi: aHaMITUYHA OIIHKA JUTs TIEPEBIPKH, IMITAIlIs IS TOYHOCTI.

Tunoa MociigOBHICTh MOACTIOBAHHS TEJICKOMYHIKAIIIHOT CUCTEMH:

1. [TocranoBka 3amadi (HANpHUKIAL, «OLWIHUTH 3aTpuMKy B S5G-mepexi mpu 100
KOPHCTYBa4yax Ha OCEPEIIOK»).

2. Busznauenns piBus abcrpakuii (PHY+MACHNET uu tineku MAC).

3. [TobynoBa kounenTyanpHoi Mmoaeni (6oku: UE — BS — Core — cepsep).

4. Bubip posnoainiB: npubyrts — [lyaccon, oOciyroByBanHsi — eKCIIOHEHLIaIbHE a00
Weibull, momunxu — Bernoulli.

5. Peanizamiss B Octave/Scilab: ¢yHkmii mas reneparii momii, muki imirtarii, 30ip

cratuctuku (cepenne, mucnepcis, CDF).

6. [IpoBeeHHST EKCIEPUMEHTIB: BapilOBaHHS HABaHTAXCHHS, NapaMeTpiB KaHaly,
po3mipy Oydepa.

7. Bizyanizauis: rpadiku 3aTpUMKHU VS HaBaHTaXEHHsI, TicTorpaMu, boxplot, moBepxHi.

8. Banigauis: nopiBHsSHHS 3 JiTepaTyporo, GopMmynamu, pealbHUMU JaHUMH.

VY npakTUYHUX 3aHATTIX BU OyJ€T€ MOJICIIOBATH:

- [Ipocty wepry M/M/1 Ta M/M/1/K y 6a30Biii craHmii.

- CrnoroBany ALOHA a6o CSMA.

- Mepexy 3 KilbKOMa By3JIaMy Ta MapIIpyTH3ALIEO.

- Junamiky handover y MOOUIBHIN Mepexi.

- OuiHKy npomyckHoi 37aTHOCTI KaHany 3 fading.

[Ticnss  1miei TemMu BU  3MOXKETE€ CaMOCTIHHO  CTBOPIOBATH  MOJENi  pealbHHX
TEJIEKOMYHIKaLlIHHUX CIIEHapiiB, OLIHIOBATH IXHIO NMPOIYKTHUBHICTH 1 MPOMOHYBAaTH MOKPAIEHHS.
Ile Oe3mocepenHbO rOTye OO0 JUIUIOMHOI poOOTH Ta MpOQeEciiiHOi AISNIBHOCTI B NMPOEKTYBaHHI,

aHami3i ta ontumizariii mepex 4G/5G/6G, loT, Wi-Fi, npuBaTHUX Mepex TOIIIO.
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Tema 4. OnTuMmizanis cucteM Ta MepeK

4.1. OCHOBHI NOHATTHA

Onrtumizaliis — 1e MpoIec 3HaXOMHKEHHS HAaWKpanoro (ONTHUMAJIBHOTO) PIIIEHHS 3a1adi 3a
HasBHUX OOMEXEHb. Y TEeNEeKOMYHIKAI[IHHUX cHCTEeMax 1 Mepekax Maibke BCi MPaKTHYHI 3a/1adi €
ONTUMI3AI[IfHUMHU: MH XOYeMO MAaKCHMi3yBaTH IPOIYCKHY 3AaTHICTb, MIHIMI3yBaTu 3aTPUMKY,
3MEHIIUTH BUTPATH €HEprii 4u rpoliei, 3a0e3neunuT MakCUMallbHe MOKPUTTS MPH OOMEKEHOMY
OropkeTi Tomo. OnTuMmizailis J03BOJISIE TEPETBOPUTH IHTYITHBHI OaxaHHs («aio0 wMepeka
MpalioBajga Kpame») Ha YiTKi MaTeMaTH4yHI PeKOMEHJAIil /Uil MPOEKTYBaHHS, HAJaIITYBaHHS Ta
eKCIUTyaTaIlii.

OCHOBHI IMOHATTS ONTUMI3aIlii, IKi B OyieTe BAKOPUCTOBYBATH B TeMi 4:

[linpoBa Qynkuis (objective function, criterion) — MaTeMaTUYHUN BUpa3, IKUA MU XOYEMO
MakcuMmi3yBatu abo MiHiMizyBatu. [Ipukiany B TeIeKOMYyHIKALIAX:

- MaKCHMI3yBaTH CyMapHYy MPOIYCKHY 3/IaTHICTh YCiX KOPUCTYBauiB (sum-rate);

- MiHIMI3yBaTH CEPETHIO 3aTPUMKY M1aKETiB;

- MiHIMI3yBaTH 3arajibHy MOTY>KHICTh NIEPEIaBaYiB;

- MaKCUMIi3yBaTH MOKPUTTS TEPUTOPIi MpH (pikcoBaHOMY YHCIi 0a30BUX CTAHIIIN;

- MiHIMi3yBaTH iHTEpHEPEHIIII0 B MEPEKI.

3minHi pimeHHs (decision variables) — mapamerpu, SKi MM MOXEMO 3MIHIOBATH I
JOCSTHEHHS ONTHUMAaJIbHOTO pe3ynbTary. BoHM MOXyTh OyTH:

- HeTepepBHUMH (ITOTYXKHICTh TepenaBaya B MBT, KyT Haxwiy aHTeHH B TIpajaycax,
nopir handover);

- IUJTOYMCETbHUMH (KUTBKICTh KaHAIB, KITbKICTh 0a30BUX CTAHIIIN);

- 6inapuumMu (0/1 — BCTAHOBIIOBATH YM HE BCTAHOBIIOBATH CTAHIIIO B JaHill TOIIi,
aKTUBYBAaTH UM HE aKTHBYBaTH beamforming /s KOpucTyBaua).

OOmMmexeHHs (constraints) — »OPCTKI YMOBH, SIKMX OOOB’SI3KOBO MOTPIOHO JOTPUMYBATHUCS.
Bonu GyBaroTs:

- JiHIMHI (CymMapHa MOTYXHICTh < MaKCUMaJlbHa MOTYXHICTh IIepeaBaya);

- HeniHiiH1 (SINR > nopory 11t KO’)KHOT0 KOpUCTyBaya);

- L1JIOYHUCEIbHI (KIJIBKICTh PECYPCIB — I[1JI€ YHCIIO);

- croxactuuHi (MiMoBipHICTE OmokyBanHsa < 0,01). [lpuknamu: O6romkeT He OuTbIIe 1
MJIH TpPH, 3aTpuMKa He Oinbmie 10 mc, mokpuTTs He MeHIIe 95%, iHTepdepeHIis BiJ CYCIIHIX

OCEpEe/IKiB HE MEPEBUIIYE TOMYCTUMOTO PiBHS.
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Ob6nacte gomyctumux pimieHsb (feasible region) — MHOXHMHA BCiX KOMOIHAIIN 3MIHHUX, SIKi
3aJI0BOJILHSIOTH YCIM O0OMexkeHHsIM. ONTUMaNbHE PIIICHHS JIS)KHUTh caMe B Iil obmacTti (abo Ha ii
MEXi).

Onrtumanehe pimeHHs (optimal solution) — 3HaYeHHS 3MIHHUMX, IIPH SIKUX IUIOBA (DYHKITis
J0CsITae HAWKPAIIOTo 3HaUYEeHHS (MAaKCUMYMY YU MIHIMYMY) B M&XaX JIOIyCTHMOI 00J1acTi.

- I'moGanbHuil ONTUMYM — HalKpalle MOKIIMBE PiIICHHS.

- JlokanbHUH ONTHMYM — HaWKpalie B ACSKid OKONMUIll (4acToO B HENHIMHUX 3a7adax
MU 3HaXOJUMO CaMe JIOKaJIbHUIN).

OnHokpuTepiaJibHa ONTHUMI3allis — OJHa [IIboBa (yHKIIS (HApUKIAL, TUIBKU
MaKCHMI3yBaTH IPOIYCKHY 3IaTHICTh). bararokpurtepiaipHa omrtuMmizamis (multi-objective) —
KUTbKa KOH(IIKTYIOUHMX IiJIeH OIHOYacHO (HAmNpHUKIaJd, MAaKCUMI3yBaTW IPOIYCKHY 3AaTHICTH 1
MiHIMI3yBaTl €HEProCHOKHUBAaHHA). TyT HEMae€ €IMHOTO ONTHUMAIIBHOTO PIIIEHHS — € MHOXHHA
[Tapero-onTuManbHUX PillIeHb, 3 SKUX OOUPAIOTH KOMIIPOMIC 3a JOMOMOTIOI) METO[IB 3Ba)KEHOI
cyMH, €-00MexeHb uu Bizyamizauii pponry IlapeTo.

JlerepmiHOBaHa ONTHUMI3aIlisi — BCI MapamMeTpu BiJIoOMiI TOYHO (HAmMpUKIad, (ikcoBaHE
HaBaHTAXXCHHS, BIJIOMI MO3UIiT KopucTyBadiB). CTOXaCTUYHA OMTHUMI3aLlis — MapaMeTPH BUIIAJIKOBI
(BUMaJIKOBE HABAaHTAXXCHHS, BUIMAJKOBI TMO3WIII KOPUCTYBayiB, BHUIAIAKOBI 3aBamu). TyT
BUKOPHUCTOBYIOTb:

- ouiKyBaHHS (O4iKyBaHa MPOITYCKHA 3/IaTHICTB);

- MOBIpHICHI oOMexeHHs (chance constraints);

- cuenapii (Monte-Carlo 3 6aratbma peanizamismMu);

- robust optimization (Halripmui BUNAI0K).

Knacudikauist 3amad 3a Tunom (QyHKIIH Ta 3MIHHMX (L€ KJIIOUOBI MOHSTTS Uid BUOODPY
METOJly pO3B’SI3aHHS):

- Jlinidine nmporpamyBanHs (LP) — niHiiiHa niboBa ¢GyHKLiS Ta JIiHIHHI 0OMEXEHHS,
3MiHHI HEeTIepepBHi.

- Hemniniitne nporpamyBanus (NLP) — xoua 6 ongHa dyHKIIsA HemiHIHA.

- Hinouucensue nporpamyBanHs (IP/MIP) — 3minHI 111 abo OiHapHi.

- 3mimaHe  niiouyrcenbHe — nporpamyBanHs — (MILP/MINLP) —  kowmOiHaris
HEeMEepepBHUX 1 LUTUX 3MIHHUX.

- CroxacTUYHE IPOTPaMyBaHHs — 3 BUITAJKOBUMH MTapaMeTPaMH.

- JluHamiuHe mporpaMyBaHHS — Ui 3a/4ad 3 MOCIIJOBHUMH pIIIEHHSIMH B daci
(HampuKIaa, pO3MOILT PECYpCiB y Haci).

VY TenekoMyHIKaIlisSX TUIIOBI ONITUMI3alliifHI 3a/1a4i:
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- po3MilieHHs 0a30BUX CTaHIIK (OiHAPHI 3MIHHI + HENHIIHI 0OMEXXEHHS Ha TOKPUTTS
Ta iHTEep(EpeHLio);

- po3nonuin pecypciB (RB y 5G, gactotu, moTyXHICTb);

- KOHTPOJIb MOTYKHOCTI Ta beamforming (HemiHiliHE);

- MapmipyTtu3zamis Tpadiky B SDN (sriHiliHe a00 IMIOYHCENIBHE);

- ornrtuMizaris mapametpi handover (moporu, Taiimepn);

- eHepro3oepexxeHHs B loT-mepexax.

Y kypci Bu Oynere BuMTHCS (OPMYJTIOBATH 3ajadi caMe B 11 TEPMIHOJOTII: YiTKO
BH3HAYaTH IUJIbOBY (YHKIIO, 3MiHHI, OOMEXeHHs, THN 3aaadi. IloTiMm peamizoByBatH iX B
Octave/Scilab (linprog ans LP, fmincon-nonioui nnst NLP, ga i reHeTHYHUX alTOpUTMIB TOMIO) 1
aHaNli3yBaTu pe3yibraTtd. Po3ymiHHS 1ux 0a30BUX TMOHSATH JO3BOJISIE BXKE€ HA €Talli MOCTAHOBKHU
3ajadi BUPINIMTH, KWW METOJ[ 3aCTOCOBYBATH, YM MOJYKHA CIPOCTUTH MOJENb JIO JIHIHHOI, Yu
MOTPIOHI CTOXACTHYHI MiJXO/H, 1 K IHTepIPEeTyBaTH OTPUMAHHI ONTUMYM Yy peanbHiil Mepexi. Lle
(dbyHIaMeHT AJis BCIX MOJANbIIUX PO3IiUTiB TeMu 4 1 g npodeciiiHoi poOOTH B MPOEKTYBaHHI Ta

ONITUMI3AIli] TeJTEeKOMYHIKAllIHHUX CHCTEM.

4.2. JliniiiHe MpPOrpaMyBaHHs — CUMILJIEKC-METO/

Jliniitne nporpamysanns (JIII) — e kimac onTumizamiiHux 3aaa4, J1e MiiboBa (GyHKIIIA Ta BCi
OOMEXeHHS € JIHIMHMMH, a 3MiHHI pIIIEHHS — HenepepBHUMHU (abo HeBix eMHHMH). Y
tenexkomyHikauisix JIIT 3acTocoByeTbes ayxe yacTto, 00 6arato peajbHUX 3a/lad MOKHA J1OCTaTHbO
TOYHO aIllPOKCUMYBATH JIHIHHUMH MOJEISMH: PO3MOJUI pecypciB, PO3MILICHHS O0OJaJHaHHS,
MapuipyTusanis Tpagdiky, KOHTPOJIb MOTY)XHOCTI B JiHIMHIA 30HI Tomo. CHMIIIEKC-METO —
KJIaCUYHUM 1 Hale(eKTUBHIMIMN aNropuT™M /i TOYHOIO pO3B’SA3aHHA 3ajad JIIHIMHOTO
porpamyBaHHS.

CranpaptHa ¢opma 3aadi JiHIHHOTO MPOrpaMyBaHHs

Bynp-saky 3anauy JIIT MoxxHa npuBeCTH 10 KaHOHIYHOI (CTaHAAPTHOT) (hopMHU:

MakcumizyBatu (a00 MiHIMI3yBaTH) Z = CiXi + CaX2 + ... + CuXa

3a YMOB anXi +anxe+ ... +anpXx, < b: azixi + anxe + ... + A2nXn < b ... AmiX1 T apeXxe + ... +
amnXn < bm

Xx120,x2>0,...,x,>0

[[lo6 3actocyBaTW CHUMIUIEKC-METOJl, BBOJMMO JOJATKOBI 3MiHHI-«cia0kocTi» (slack
variables) si, s, ..., Sm > 0, IepETBOPIOIOYN HEPIBHOCTI HA PIBHOCTI: anXi + ... + amXy + $1 = b1 azixu
+ ..o tamXsts2=b2 ... amXi + ... + QmnXa + Sm = b

Toxi cuctema crae CUCTEMOIO JIIHIHHUX PIBHSAHB, & CUMILJIEKC-METO/] MpaItoe 3 Oa3MCHUMHU

Ta HEOA3MCHUMH 3MIHHUMU.
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[nes cummiekc-meTony

CuMIuiekc-MeTol — 1€ ITepaTUBHUN allTOPUTM, SIKUH PYXaeThCsl BiJl OAHOTO BEPLIMHHOTO
pimeHHs (Kyra OaraTorpaHHMKa IONYCTUMHX PIIIEHb) 0 CYCIAHBOTO, MOKPALIYIOYH 3HAYCHHS
UTLOBO1 (DYHKIIIT HA KO)KHOMY KPOIIi, IOKH HE Oy/1e TOCSITHYTO ONTUMYM.

Kiro4oBi kpoku:

1. [TouatkoBe Oa3ucHe pimieHHs (IMOYaTKOBa TAOIMIA CHUMIUIEKca). 3a3BHuail OepyTh
HynbOBE pimeHHs X = 0, s = b (sxmo Bci b > 0). SIkmio € BinbHI 3MiHHI 200 >-00MEXEHHS — BBOISTH
MTY4YHI 3MiHHI (METOJI ITYyYHOTO O6a3ucy abo aBoda3HUi METON).

2. [lepeBipka onTuManbHOCTI. Y PSAKY IUTOBOI (YHKIIT (Z-psSIOK) ITUBUMOCS Ha
Koe(iieHTH HeOA3UCHUX 3MIHHUX.

- Sxmio Bei koedinienT < 0 (u1st MakcuMi3allii) — MOTOYHE PIIICHHS] ONTHMAaJIbHE.

- SAxkio € xo4a 6 OJIMH TOAATHUM KOSPIIIEHT — MOYKHA TTOKPAIIUTH.

3. Bubip Bemyuoi 3miHHOi (BXimHOi B ©0a3uc). OOepiTh HeOa3uCHy 3MIHHY 3
HaWOUIBIIUM T0AATHUM KoedilieHTOM y Z-psiaky (mpaBuiio brienaa abo mpocto MakCUMyM).

4. Bubip Beny4oi psaka (BUXigHOT 3MiHHOI 3 0a3ucy). J{ist KO>KHOTO psiiKa 3 JOAATHUM
Koe(illiEHTOM y CTOBIIIII BeAy40l 3MiHHOT 004MCITiTh BimHOIICHHS b; / &;j (1€ a;j > 0). O0epiTh psaoK
3 HAWMEHIIMM JOJaTHUM BIJHOIICHHSIM (MPAaBHJIO MIHIMAJBLHOTO BIJHOIICHHS) — II€ 3aro0irae
HEraTUBHHUM 3HAUEHHSM 3MIHHHUX.

S. [leperBopenns tabmuii (pivot-omeparist). Bexyunii enemMeHT (Ha mepeTuHi Beaydoi
3MIHHOI Ta BEIy4Oro psjika) pooumo = 1, iHIIl eJeMeHTH cToBIIA — 0, IepepaxoByeMO BECh PSIIOK
1 CTOBIIEIIb.

6. IToBTOpPIOEMO KPOKH 2—5, TOKH HE TOCATHEMO ONTHMAIbHOCTI.

[Ipuksan mpocToi 3a7a4i B TEIIEKOMYHIKAITIAX

3amava: po3MOAiA JBOX YAaCTOTHUX KaHAIB MK TphoMa Oa30BUMH CTaHIISIMUA TSt
MakcuMmizalii cymMapHoOi MpomyckHoi 3aatHocTi. Hexail Xi, X2 — KUIBKICTh KaHaliB, BHIUIEHUX
ctanmisM 112 (Xs =2 — X1 — X2 aBTOMaTUyHO). MakcumizyBat Z = 15x: + 20x2 + 10x3 32 yMOB X1 +
X2<2x1<1.5%x<12x1,%x2>0

[Ticns BBemeHHst slack-mepeMiHHUX 1 TPUBENEHHS JO CTaHIAPTHOI (OPMH CUMILIEKC-
TaOJIMIISI TOYMHAETHCS 3 0a3UCy {S1, S2, S3}. [licist KUNbKOX iTepawiil onTuMaabHe pimeHHs: Xi1 = 0.8,
x2 = 1.2, Z =36 (MakcuMalibHa CyMapHa MPONYCKHA 3[aTHICTh).

VY Octave/Scilab mis po3s’si3anns JIIT BukopucroByethes ¢ynkiis linprog: ¢ = [-15; -20]; %
JUTst MakcuMizarii — Miayc koeditientd A =[1 1; 1 0; 0 1]; b =1[2; 1.5; 1.2]; Ib =[0; 0]; [x, fval] =
linprog(c, A, b, [1, [, Ib);

fval — 3HayeHHs HinpOBOT QYHKIIT (BiA €MHE JUTS MaKCHMI3allii).

[TepeBaru Ta 3acTOCyBaHHS CUMILIEKC-METOTY B T€JIEKOMYHIKAIIisIX
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- I"apanTtye rmoGambHU ONTUMYM (SIKIIO 3a7a4a 0OMEKEeHa Ta JJOMYyCTUMA).

- Hyxe eQexTUBHUHN AJs 337249 3 COTHSIMH 3MIHHHX 1 OOMEXKEHb.

- 3aCTOCOBYEThCS IS

- posnoainy pecypciB (RB y 5G, gacToT, moTyXHOCTI);

—  po3MilleHHs 0a30BUX CTaHIIN (SKIIO CIIPOCTUTH A0 JIHIHHOT MOJIE);

—  onTHMIi3auii MapuIpyTiB y Mepexax 3 (JiIKCOBAHUMH MOTOKAMU;

— JIHIHHOT  ampoKcHUMarlii  HeNMHIMHMX  3agad  (Hampukiuazn, Jorapudmidna
arnpoKcUMallis st sum-rate);

—  penakcarii miJoYrceapbHMX 3a1a4 (oTiM OKpyriieHHs abo branch-and-bound).

Y Kypcli CHUMIUIEKC-METOJ BHBYAETHCS SK 0a30BHH I1HCTPYMEHT Ui PO3YMIHHS, SK
NpalolTh TOYHI Meroau ontuMizanii. Bu  Oymere ¢opmymoBatu 3amaui  JII s
TEJIeKOMYHIKalIMHUX ClieHapiiB, OyayBaTu TaONIWIll CHMILUIEKCA BPYUHY AJI1 MaJeHbKUX 3a1ad i
po3B’si3yBaTH Ouiblmi 3a gomomorow linprog B Octave/Scilab. Ile ocnoBa ans mepexonay 10
HEJIIHIHHOTO, MIJIOYMCETBHOTO Ta CTOXAaCTUYHOTO MPOrpaMyBaHHS B HACTYIMHHUX migTeMax. [licis
OCBOEHHS CHUMILJICKC-METOy BH 3MOXKETE IIBUIKO OIIHIOBATH, YA MOYKHA Ballly 3a7a4y PO3B’s3aTH

TOYHO i epEeKTUBHO, YH MOTPiOHI HAOIMKEHI METOIH.

4.3. Heninilina, mijiounce/JbHa, CTOXaCTHYHA ONTHMI3aIis

VY peanpbHUX TEICKOMYHIKAIIMHUX 3a/a4aX PiAKO BIAETHCS OOMEKUTHUCS YHCTUM JTIHIHHUM
MpOrpaMyBaHHAM. BiibIIicTh MPAaKTUYHUX MPOOJIEM MICTATH HEJIHINHI 3aJ€KHOCTI (HaNpuKias,
nponyckHa 3xaTtHicTe Bi SINR 3a norapugmiunoro ¢opmynoro IlleHHoHa), IiTOYKCENbHI
napameTpu (KUIbKiCTh 0a30BHX CTaHIil, kaHaniB, RB) abo BumaakoBi ¢akTopu (HaBaHTaXeHH,
MO3ULT KOPUCTYBauiB, 3aBaan). ToMy B KypcCl po3IJIsiIaloThCs TPU KIIFOUOB1 PO3IIUPEHHS JIHIIHOTO
MporpamMyBaHHs: HEiHINHHA, IIJIOYMCENIbHA Ta CTOXaCTUYHA onTuMizaris. KokHa 3 HUX Mae BiacHi
METOJM PO3B’s3aHHs Ta iHCTpyMeHTH B Octave/Scilab.

Heniniitna onrumizartis (NLP — Nonlinear Programming)

Heniniitna ontumizaliis BUHUKae, KoM xo4ya 0 onHa 3 GyHKUIN (11boBa a00 0OMEKEHHS)
HeJHIAHA. Y TEJIeKOMYHIKAIlISIX 1€ HAaWTTOIIMPEHIITNNA BUMAIO0K.

Tumnosi npukiIagu:

- MaKcHUMi3allisi CyMapHOi MpOIMyCKHOI 31aTHOCTI (sum-rate) = X logz(1 + SINR;), ne
SINR 3ayexuTh Bij MOTYKHOCTEH HETIHIWHO;

- MiHiMi3allis iHTepdepeHiii npu KoHTpoJii NoTykHOCTI (SINR-3anexHICTD);

- onrtuMmizaiis beamforming (HeniHiiHI 0OMEXEHHS Ha HOPMY BEKTOpa Baru);

- po3MileHHs 6a30BUX CTaHIIM 3 HEeMHIKHUMHE MoJensiMu NoKpuTTs (path loss ~ d*(-

a));
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- aganTuBHAa Monyisamis Ta kKoxmyBaHHs (MCS) 3 aucKpeTHUMH, aje HEeTiHIMHUMH
3aIeKHOCTSIMHU.

MeTtonu po3B’a3aHHS:

- I'panmientHi meroam (gradient descent, conjugate gradient) — mpocTi, aje MOBUIBHO
CXOJIATHCS.

- Meton Heiorona abo kBazi-Hwiorona (BFGS) — mBummie, ane morpedye recciana
abo #oro ampokcumarii.

- Interior-point MeTou — epeKTHBHI I BEIMKHX 3a/1a4.

- besrpanientni meromu (Nelder-Mead, pattern search) — komm moXimHi BaKKO
O00YHMCITUTH.

- I'mo6anpHi MeTonu (renernyni anroputmu, PSO, simulated annealing) — mist 3ana4 3
OaraTbMa JIOKQJIbBHUMHU ONTHMYMAaMH.

¥ Octave/Scilab:

- fminunc a6o fminsearch (Nelder-Mead) — s 6e300MexeHHX 3a1a4.

- fmincon (Octave — uepe3 maker optim, Scilab — nlopt a6o fmincon-momioui) — 3
O0OMEKCHHSIMH.

- ga (genetic algorithm) — ms rmo6anpHOI OnTHUMI3ALIIT.

[IpoGnemu: Hemae rapaHTii TJI00albHOTO ONTUMYMY, MOXJIMBI JIOKaJIbHI MIHIMYMH,
YYyTIUBICTh J0 MOYATKOBOTO HAaOMMKEHHS. TOMy 4YacTO 3alyCKaroTh KidbKa pasiB 3 pIi3HUX
CTapTOBUX TOUOK 200 BUKOPHCTOBYIOTh MOpPUIHI METOM (JIOKAJIbHUHN + TI100aIbHUM).

[inouncensHa ontumizaris (IP/MIP/MINLP)

Konu neski 3MiHHI pillleHHS MaiOTh OyTH LUTUMHU uyuciaMH (KiTbKICTh aHTEH, KaHaiB,
0a30BUX craHIii) abo OiHapHMMM (BCTAaHOBUTH/HE BCTAHOBUTH CTaHINIO, aKTHUBYBaTH/HE
aKTUBYBAaTH KOPUCTYBaya).

Tunosi 3amaui:

- po3minieHHss 0a30BuX cTaHIii (OiHapHi 3MiHHI X; = |, SKIIO CTaHIlig B TOYIl i
BCTAHOBJICHA);

- npusHaueHHs yacToT abo RB (integer assignment);

- BUOIp MapHIpyTiB y Mepexi (OiHapHi 3MiHHI Ui pedep);

- KJactepusais kopuctyBadiB y CoMP (1inouuncensHi).

Meronu:

- Penaxcanis LP (po3B’si3aTu ik HenmepepBHY 3a/1auy, NOTIM OKPYIJIUTH) — HIBUAKUH,
ajie He 3aBXK/I1 TOUHUH.

- Branch-and-Bound (rinku Ta Mexi) — TOUYHUI METOJ, aje EKCIOHCHI[IHUN Yac y

ripLIIOMY BUIIAJKY.
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- Branch-and-Cut, Cutting Plane — mokparieni Bepcii.

- EBpucTuku: reHetuyHi anroputMu, tabu search, simulated annealing, greedy.

- Jiis 3mimanux 3agad (MIP/MINLP) — kom6inaris cumiuiekc + branch-and-bound.

VY Octave/Scilab:

- intlinprog (Octave — maket optim) a6o intlinprog-moaioxi B Scilab.

- ga JIIsl eBpUCTUYHOTO PO3B’SI3aHHS CKJIAQJHUX LITOYHUCEIBbHUX 3a/1a4.

- Jiis Manux 3amaq — pydHe okpyrieHHs micis LP-penakcarii.

[TpobGnemu: NP-Bakki 3a:aui, 4ac po3B’s3aHHS 3POCTA€ EKCIIOHEHIIMHO 3 po3MipoM. Tomy
4aCTO BUKOPHCTOBYIOTh HAOJMKEH1 PillIeHHS ab0 pelakcarlito.

CroxacTU4yHa ONTUMI3aris

Komn mnapamerpm 3amadi BHUMAAKOBI (HABaHTaKEHHS MeEpeXi, MO3MILII KOPHCTYBadiB,
KaHalmbHI KOoe(ili€HTH, 3aBaAu). 3aMicTh (PIKCOBAHMX 3HAYEHb MPAIIOEMO 3 po3MojiiaMu abo
CIIEHAPIsIMHU.

Tunu:

- CroxacTHyHe TpoOrpaMyBaHHS 3 JBOMa eranmamu (two-stage): mepiie pilieHHs
MPUAMAETHCS 10 pealtizalii BUNAJKOBOCTI, Apyre — micis (HAampuKiaa, po3MIIIEHHS CTaHIH 10
MOSIBU KOPUCTYBAUiB).

- Chance-constrained onTumizaiiiss: HMOBIPHICTh THOPYIICHHS OOMEXeHb < €
(mampuxiazn, P(3atpumka > 10 mc) <0.01).

- Robust optimization: onTumizamis JUid HAWTIpHOIOro BUIAAKYy B MeXax
HEBHU3HAYEHOCTI.

- MonTte-Kapno ontumisamis: 6araropa3zoBe po3B’s3aHHS AETEPMIHOBAHOI 3aaa4l s
PI3HUX peai3ailiil BANaAKOBOCTI, MOTIM YCEpEeIHEeHHs abo BUOIp HAKpaIoro.

- Stochastic gradient descent (SGD) — w1 BeNMKHMX JaHHX 1 MAlIMHHOTO HaBYaHHS B
Mepexax.

[Tpuknaay B TeNEKOMYyHIKaIiSX:

- IUTaHYBaHHS PECYpPCIB NIPU BUMIAAKOBOMY Tpadiky;

- beamforming 3 HEBITOMUMH KaHAJTLHUMHU CTaHAMU,

- PO3MILIEHHS CTaHIIN 3 BUIIAJIKOBUMH KOPUCTYBaYaMu;

- eHeprozoepexxenHs B [oT 3 BUMagkoBUMU TOTISIMU.

Metoau peanizanii B Octave/Scilab:

- MomnTte-Kapno: nukin 3 rand/randn, ycepenHeHHS pe3yJIbTaTiB.

- ga abo particleswarm 3 BUnaJIkOBUMH OIlIHKaMH (DYHKIIIi.

- Jlns chance-constraints — anpokcumartist uepe3 Monre-Kapio abo crienapii.

VY kypci Bu Oynere:
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- dbopmymoBaTH  HENMIHINMHI  3amayi  (HampWKiIaa, MakchMmizamis —sum-rate 3
O0OMEKEHHSIMH Ha TMOTYXHICTb);

- pO3B’s13yBaTH X 3a qoromororo fmincon ado ga;

- MEePETBOPIOBATH  IIJIOUMCETBHI  3a/adl  pO3MilleHHs cTaHmii Ha MIP i
BUKOPUCTOBYBATH peJaKcalliio + OKpPYIJICHHS;

- 3actocoByBaTd MonTe-Kapno ansi cToXacTWYHMX CIEHapiiB (HANMpHUKIad, OI[iHKa
CepeIHbO1 MPOITYCKHOT 3AaTHOCTI MPU BUITAJKOBOMY HaBaHTAKEHH]).

Ili Tpu TumM onTUMi3allii OXOIUTIOIOTH OUIBINICTh pealbHUX 3aJad y TEJICKOMYHIKaIlisX.
[licns BHUBYEHHS BH 3MOXKETE IEPEXOJIUTH BiJ MPOCTUX JIHIKHUX MOJEIEH 10 TOBHOIIIHHUX
HEeNMHINHUX, IUIOYHCETBbHUX 1 CTOXaCTHMYHUX IMOCTAaHOBOK, peamizoByBatu ix y Octave/Scilab i
OTPUMYBATH NMPAKTHYHI peKOMEHIAil 1 mpoekTyBaHHs Mepex SG/6G, loT, mpuBaTHHUX Mepex
TOIILIO.

3amaya KOMIBOSDKEpa € OJHIEI0 3 KIACHYHHUX 3aJ1ady KOMOIHATOPHOI ONTHUMI3allii Ta IIHPOKO
BUKOPUCTOBYEThCS i/ 4aC MOJIEIIOBAHHS TPAHCIIOPTHUX, JIOTICTUYHHUX 1 TEJIEKOMYHIKaI[iiHUX
cucreM. Bona opMyioeThes sIK 3aa4a MOMIYKY HAaHKOPOTIIOTO MapuIpyTy, IO MPOXOIUTH Yepes3
3aJJaHy MHO>KHHY ITyHKTIB OJIMH pa3 1 TOBEPTAETHCS y BUXIHUH ITyHKT.

CyTb 3a/adi moyArae B TOMY, 110 KOMIBOSKEp MOBHHEH BiJBIJATH KiJIbKa MICT, IPHUOMY
KOXHE MICTO JIMIIIE OAWH pPa3, MICJsS YOro MOBEPHYTHUCS 10 MOYATKOBOro Micra. Bimomi BimcraHi
MDK yciMa MapaMy MICT, i HEOOXiJTHO BHM3HAYMTH TAaKHH TMOPSANOK iX BIABIAYBaHHA, 3a SKOTO
CyMapHa JIOBXXKMHAa Mapuipyty Oyzae MiHIManbHOI. TakuM 4YWHOM, 3amada 3BOJUTHCS IO
3HaXO/PKEHHS ONTUMAIBHOTO LUKy MIHIMAJIbHOI JOBXKHHU B IOBHOMY 3BaK€HOMY rpadi.

3 MareMaTM4yHOi TOYKM 30pYy 3ajaua KOMIBOsDKEpa (OPMYIIOEThCS SK 3ajJada MOUIYKY
ramMuIbTOHOBOT'O IIMKJIY MIHIMaJbHOI Baru B rpadi, BEPIIMHU SIKOTO BIAMOBIAAIOTH MICTaM, a pedpa
— BifcTaHsAM MK HUMHU. Lls 3amaua HanexxuTh 10 kiacy NP-ckimagHuX 3amad, TOMy ISl BETUKUX
po3MipHOCTEH i1 TOUHMI PO3B’ 30K MOTpedye 3HAYHUX OOUNCITIOBAIBHUX PECYpPCiB.

[TpakTuyHe 3HaUCHHS 3a/1a4l KOMIBOSDKEpa MOJISrae B TOMY, 1110 BOHA BUKOPUCTOBYETHCS SIK
MOJIENb JJISl pO3B’sI3aHHS NIMPOKOTO KJIAacy 3aja4 ONTHMAaJIbHOTO MapuIpyTyBaHHsS. 30Kpema, BOHA
3aCTOCOBYETHCS MiJ 4Yac ONTHMI3allii MapUIpyTiB AOCTAaBKM BAHTaXiB, IUIAHYBAaHHS NEpECyBaHHS
TPAaHCIOPTHUX 3aco0iB, MOOYIOBM ONTUMAIbHUX MapUIPYTiB OOCIYrOBYBaHHsS KJII€HTIB,
opravizanii pyxy MOOUIBHUX CEpBICHMX Tpyn Ta TMpOKJIaJaHHd KaOelbHUX Tpac Yy
TEJIEKOMYHIKALIHUX Mepexax.

VY TenekoMyHIKaliMHUX CHUCTEMaX 3ajJada KOMIBOSDKEpa BHUKOPHCTOBYETHCS IIiJI Yac
ONTUMAJILHOTO IUIAHYBAHHS MAapUIPYTiB MPOKJIAaJaHHS BOJOKOHHO-ONTHYHUX JIHIA 3B’S3KY,

onTUMi3allii 0OCIyroByBaHHs BY3JiB MEpEXi TEXHIYHUM IEPCOHAIOM, a TaKOX IiJl 4ac Mo0YyA0BU
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MapHipyTiB 300py iHGopmaiii B ceHCOpHHX Mepexax. Kpim Toro, ii maremaTH4HHWil amapar
3aCTOCOBYETHCA y 3a[a4ax MaplIpyTU3alii MakeTiB JaHUX y CKIaJHIX MEPEKEBUX CTPYKTYpax.

Jlnist po3B’sA3aHHA 3371241 KOMIBOSDKEpa 3aCTOCOBYIOTHCS SIK TOYHI, TaK 1 HAOJIMKEHI METOIH.
Jlo TOYHHMX METONIB HaleXaTh METOA IIOBHOTO Iepedopy, MeToJ TUIOK 1 MeX Ta METO[
JIMHAMIYHOTO TporpamyBaHHsA. OHaK iX BUKOPUCTAHHS € e()eKTHUBHUM JIUILE IS 3a/1a9 HEBEIHKOi
po3mipHOCTi. JIyig 3a7ad BENMKOI PO3MIPHOCTI 3aCTOCOBYIOTHCS €BPUCTHYHI Ta METACBPUCTUYHI
ITOPUTMH, Cepell AKHX HIMPOKO BUKOPHUCTOBYIOTHCS KaAiOHI alrOpUTMH, T€HETHYHI aITOPUTMHU,

METO/ IMiTaIlli BiAMmay Ta MypalIiHi aJITOPUTMH.

4.4. 3acTocyBaHHS B TeJIeKOMYHIiKaIlisiX

CydacHi TeIeKOMYHIKalliiiHi CUCTEMH € CKJIaJHUMU TEXHIYHUMH 00’ €KTaMu, €()eKTUBHICTh
(GYHKILIOHYBAaHHS SIKUX 3HAYHOK MIpOI0 3aJIeKUTh Bl palliOHAJBbHOI'O BUKOPUCTAHHS HAasBHUX
pecypciB. Jlo Takux pecypciB Halle)kaTh IPOIYCKHA 3aTHICTh KaHAIB 3B’ SI3KY, YACTOTHUH CIIEKTD,
00YHCITIOBANIbHI MOXIIMBOCTI BY3JIB MEpEkKi, €HepreTU4Hi pecypcu OOJIafHaHHS Ta MPOCTOPOBE
po3MineHHsT MepexeBoi iHppacTpykrypu. Came TOMy 3ahadi onTUMI3allii 3aiiMarOTh Ba)JIUBE
MiCIle Ha BCIX eTamax >KHTTEBOTO LUKIY TEJIEKOMYHIKAIlIHHMUX CHUCTEM — BiJl MPOEKTYBAaHHS [0
eKCIUTyaTaIlii.

Ha erami npoekTyBaHHS MepeXi BaKIMBO BH3HAYMTU ONTUMAJIbHY TOIMOJOTIII0, sKa
3abe3neuye HeoOXiTHUI PiBeHb 3B’ SI3HOCTI MIX By3JIaMH IIPU MiHIMaJIbHUAX BUTpPATax Ha MOOYJOBY
Mepexi. Y IIbOMYy BHITaJIKy 3aCTOCOBYIOTHCS METOJIM MAaTeMaTHYHOTO IMPOTrpamMyBaHHsS Ta Teopil
rpadis, 10 JO3BOJSAIOTH 3HAXOJUTH CTPYKTYPU MEPEX 13 MiHIMAIbHOIO JTOBXKUHOIO KaHAJIB 3B SI3KY
a0o MIHIMQJBHOIO BapTICTIO iX peamizamii 3a yMOBH 3a0€3MEUEHHS 3aJaHuX TEXHIYHHUX
XapakTepucTHK. Taki 3a7ayl BUHUKAIOTH M1 4Yac MOOYJOBH TPAHCIOPTHUX MEPEX OIepaTropiB
3B’SI3KY, KOPIOPATUBHUX MEPEXK Nepeadl JaHUX Ta MEPEeX JTOCTYIy.

BaxnuBuM HampsMOM  3aCTOCYBaHHS ONTHUMI3AaLliHHUX METOJIB € MapIIpyTH3allis
iHpopMalifiHUX TMOTOKIB. Y mpoueci (yHKIIOHYBaHHS Mepexi HeoOX1THO BH3HAYaTH Taki
MapIIpyTH Mepeaadl JaHuX, Kl 3a0e3MeuyioTh MIHIMaJIbHI 3aTPUMKH, pallioHaIbHE BUKOPUCTAHHS
MPOMYCKHOI 3JaTHOCTI KaHaJIB Ta HEOOX1IHMH pIBEHb HaAIWHOCTI mepenadl 1HGopMarlii.
dopmanizalis 3agad MapuIpyTH3amii 3IiHCHIOETBCS 3a JOMOMOTrOI Mojeneil JiHiiHoro ato
HEJIIHIHHOTO MpOorpaMyBaHHS, a TaKoX Mojeneil Teopii rpadis. OnTumizaiiis MapupyTiB 0cOOIHBO
aKTyaJbHa JIJIS TMAaKeTHUX MepeX Nepenadi NaHuX, 30KpemMa Mepex [HTepHeT Ta KOpIopaTHBHUX
MEpEX 3B A3KY.

He MeHm BaxxiMBOIO 3a/1auero € eQEeKTUBHHIA PO3MOJUI YAaCTOTHOTO pecypey, SKUil €
OOMEXEHUM 1 TOPOTMM PECypcoM y pajiocucTemMax 3B’si3Ky. OnTumizaliiss BUKOPHCTAHHS 4acTOT

JI03BOJISIE 3MEHIIUTH PIBEHb B3a€MHHUX 3aBaJ MK KaHaJlaMHU 3B 43Ky Ta MiJBUIIUTH MPOMYCKHY
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3aTHICTh MEPEXKi. Y IbOMY BHIIQJKYy 3aCTOCOBYIOTBCS METOJM TUCKPETHOI Ta KOMOIHATOPHOI
ONTUMI3aIlil, 10 JO3BOJSAIOTH 3a0E3MEUUTH EJICKTPOMArHITHY CYMICHICTh pPaaioeleKTPOHHUX
3ac00iB 1 MABUIIUTH €(PEKTHUBHICTH BUKOPUCTAHHS CIIEKTPA.

Y MOOLIBPHUX cHCTeMax 3B’SI3Ky BaXJIMBY POJIb BIJIIIpae 3aaya ONTUMAIBHOTO PO3MIILIEHHS
0a3oBHUX craHlii. BoHa momnsrae y BU3HAUeHHI TaKUX KOOPJMHAT PO3TAllyBaHHS IepeqaBalbHUX
MPUCTPOIB, 3a SKUX 3a0€3MEeUyeThCSI MAKCUMAaJbHE IMOKPUTTS TEpUTOPil OOCIYroBYyBaHHSA NpHU
MiHIMQJIbHUX BHUTpaTax Ha CTBOPEHHs iH(ppacTpykTypu. OJHOYACHO HEOOXiJHO BpPaxOBYBATH
BIUIUB 1HTEPQEPEHIIT MK CyCiIHIMU 0a30BUMHM CTAHIIISIMU Ta 3a0e3reuyBaTH HEOOXITHUN PIBEHb
SKOCTI 00cimyroByBaHHs aOoHEHTIB. Po3B’s3aHHS Takux 3aaad 3JIMCHIOETBCS METOAaMH
[JIOYHUCEIBHOTO T4 CTOXaCTUYHOTO IPOTrPaMyBaHHS.

VY mporeci eKcrutyararii TeJIeKOMYyHIKaliiHUX MEPeX BaXKJIMBE 3HAYCHHS Ma€ ONTUMAIIbHUI
PO3MO/Ii HABaHTAXXEHHSI M1 By3JlaMHU Ta KaHalnaMmu 3B’A3Ky. PanioHanbHe 6anaHcyBaHHA Tpadiky
JI03BOJISI€ TIJBUIIUTH €(PEKTHUBHICTh BHUKOPUCTAHHS MEPEXKEBHX PECypCiB, 3MEHIIUTH 3aTPUMKHU
nepenayvi iHopmaiii Ta MiABUIIUTH HAAIHHICT PYHKIIOHYBaHHS Mepexi. J[1s po3B’si3aHHs 3a1a4
OaslaHCYBaHHS HABAHTAXXCHHS 3aCTOCOBYIOTHCS METOIM JIHIMHOI Ta HENHIMHOI ONTHUMI3amii, sKi
JI03BOJISIFOTH BPaXOBYBATH 3MiHY ITapaMeTpiB MEpEXkKi B peallbHOMY MaclITadi yacy.

OcoOnuBe Micrie cepen 3agad oOnTUMIZalii 3aiiMae 3a0e3MedYeHHs] IOKAa3HHUKIB SIKOCTI
00CITyroByBaHHSI KOPHCTYBauiB, SIKi XapaKTEepPHU3yIOThCSl TaKHUMH IapamMeTpaMu, SK 3aTpUMKa
nepefayi IMakeTiB, Bapialis 3aTPUMKH, IMOBIPHICTh BTpAaTH MAaKETiB Ta IMPOIYCKHA 3aTHICTh
KaHaTIB 3B’s3Ky. Y I[IbOMY BHIMAJKYy 3ajadya ONTHMI3allii Mae OararoKpuTepiadbHUN XapakTep,
OCKIIBKM HEOOXIJHO OJHOYAaCHO BpPAaxXxOBYBAaTH JEKiIbKa TMOKAa3HUKIB SKOCTi, IO MOXYTh
CYNEpEeYUTH OJMH OJHOMY. 3acCTOCYBaHHS METOJIB OaraToKpuTepiajdbHOI ONTHUMI3allii J103BOJISE
3HAXOJIUTU KOMIIPDOMICHI PpIIIEHHS, $Ki 3a0e3MedyloTh HEOOXITHUN piBeHb (YHKI[IOHYBAaHHS
TENEKOMYHIKAI[IHHOT CUCTEMH.

Metoan onTuMizanii MIMPOKO 3aCTOCOBYIOTBCS B CYyYaCHHMX TeJIEKOMYHIKAI[IHUX
TEXHOJIOTISIX, 30KpeMa B MOOUIBHMX MepeXkax 4eTBEpTOro Ta II’SITOr0 MOKONIHb, CYMyTHHUKOBHX
cucTeMax 3B’S3Ky, ONTHYHHX TPAHCHOPTHUX MeEpekax, Mepexkax I[HTepHeT Ta mporpamHO-
KOH(DIrypoBaHMX Mepekax. Y TaKuX CHCTeMax ONTUMI3aliiHI alrOpUTMHU YacTO MPALIOKTh Y
pEeXHUMI peanbHOro yacy Ta 3a0e3MeuyroTh aIanTallio mapaMeTpiB MEpexi 10 3MiHU HaBaHTaKEHHS
1 yMOB (DyHKI[IOHYBaHHS.

Takum 4YWHOM, 3aCTOCYBAaHHS METOMIB MaTeMaTHYHOI oONTHUMI3aIii € HeoOX1THOI0
CKJIQJIOBOIO MPOIECY MPOCKTYBAHHS Ta €KCIUTyaTallli TeIeKOMYyHIKAIIHHUX cucTeM. BukopuctanHs
ONTUMI3AIIIHUX MoJieneil 103BOJIsA€ MIABUIIMTU €(pEKTUBHICTh BUKOPHCTaHHS PECYPCIB MEpexi,
3a0e3MeunTH HEOOX1/IHY SIKICTh 0OCTYyrOBYBaHHs KOPUCTYBAUiB 1 3SMEHIIUTH BUTPATU HA CTBOPEHHS

Ta PO3BUTOK TEJIEKOMYHIKaLIHHOT IHPPACTPYKTYpPH.
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Hasyannae BunaHHs

PozenBaccep Jennc MuxaitjioBu4

MOJAEJJIIOBAHHS CUCTEM

Koncnekr nekuin

YKpaiHCBKOI MOBOIO
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